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ABSTRACT
Detection of genomic regions containing genes that affect economic traits is a primary
step for potential improvements of livestock through marker-assisted selection.
Salmonella enteritidis (SE) bacterial burden and SE vaccine antibody production are
examples of important traits in commercial chickens. A main objective of the research
presented herein was to identify single nucleotide polymorphisms (SNPs) associated with
SE bacterial burden in either the spleen or cecum and vaccine antibody levels of young
chickens through the use of multiple levels of genotyping platforms. Another objective
was to compare linkage disequilibrium levels present prior to and after implementation of
an advanced intercrossing mating scheme. SNPs within the Gallinacin gene cluster were
genotyped on an F1 cross between four broiler sires and two inbred dam lines (Fayoumi
and Leghorn), and were analyzed for association with SE bacterial burden in the spleen
and cecal content and vaccine antibody response. The use of individual candidate gene
studies identified two potential markers (SNPs in Gal3 and Gal7) for marker-assisted
selection for SE vaccine antibody response. A subsequent study was performed on the
Gallinacin genes through the use of the SNaPshot genotyping platform and utilizing two
separate F8 advanced intercross lines (AIL) to examine SE bacterial burden response.
Five SNPs showed association at P<0.05, with three clustering between Gal11-13 (3-SNP
haplotype P<0.008). The haplotype indicates the Gal11-13 region is a strong candidate
for SE response. Using a high-density SNP array to genotype 2733 SNPs, a linkage
disequilibrium (LD) fine mapping study was conducted to examine the change in LD
between an F2 and two F8 AIL populations. LD levels were reduced 1.5-fold from the F2
to F8 AIL populations. The reduction illustrates the potential gain of utilizing the
advanced intercross mating scheme for future association studies. Using 3000 SNPS,
associations with SE bacterial burden were examined. Twenty-one markers in nineteen
genes were identified at P<0.02 with SE burden. These genes confirmed previously
identified biological pathways important in response to bacterial infections in livestock.
The molecular markers and reduction in LD identified provides an integral step in
improvement of SE resistance in commercial birds through marker-assisted
selectionprograms.
1CHAPTER 1
GENERAL INTRODUCTION
1.1 INTRODUCTION
The livestock industry has become increasingly interested in genetic improvement of disease
resistance traits, especially for Salmonella as all commercial livestock are susceptible to
infection. Salmonella enteritidis has incrementally increased in prevalence since the early
1970s and now presents a unique food biosafety concern (CDC 2005; Rodrigue et al. 1990).
While there are multiple strains of Salmonella, only Salmonella enteritidis is known to
directly infect chicken eggs (Girard-Santosuosso et al. 1998; Herikstad et al. 2002). As many
Salmonella serovars, including S. enteritidis, have developed resistance to antimicrobials
commonly used to treat infection, concerns have been raised on how to treat and prevent
outbreaks (Dias de Oliveira et al. 2005; Johnson et al. 2005). Through identification of genes
associated with decreased levels of bacterial burden, it may be possible to naturally enhance
the chicken’s immune response to Salmonella enteritidis bacterial challenge and enhance
antibody formation due to vaccination.
Genetic variation of the trait, intensity and accuracy of selection, and the animal’s generation
interval all factor into the amount of genetic gain in a trait per unit of time (Falconer and
Mackay 1996). Low heritability presents a substantial problem when improvement is
attempted by phenotypic selection (Dekkers and Hospital 2002) since it is difficult to
accurately determine the animals with the best genetic background based upon their
phenotype. Disease-resistance traits typically show a low level of heritability, thereby
making genetic improvements difficult by phenotypic selection practices (Cheng et al. 1991;
Dekkers 2004). Marker assisted selection (MAS) has been shown to increase genetic
response, especially when a trait has low heritability (Lande and Thompson 1990; Villanueva
et al. 2002). Advancements in animal genetics, such as the completed chicken and dog
genomes and sequencing of the bovine and swine underway, has allowed for identification of
molecular markers for marker assisted selection programs (Hillier et al. 2004; Lindblad-Toh
et al. 2005).
The candidate gene approach is a useful method that has been widely implemented to
identify genes that influence disease response. These candidate genes regulate a significant
proportion of the quantitative trait loci affecting trait variation within the population
2(Rothschild and Soller 1997). The genes analyzed through the candidate gene approach can
be either structural, positional, or biological candidates. If the gene responsible for the trait
variation is not known, regions can be identified using polymorphic DNA markers linked to
genetic sequences which affect the trait. Statistical analysis is performed to determine
potential associations between a trait of interest and the candidate gene or a representative
molecular marker (Papachristou and Lin 2005; Ron et al. 1994; Vignal et al. 2002).
Detection of associations between candidate genes or markers and Salmonella bacterial
burden could lead to increased resistance in chickens.
With the increase of genomic information, genome structure has come to the forefront of
animal science. A major structural feature of animal breeding schemes is the amount of
linkage disequilibrium (LD) present. LD is the condition in which alleles at two loci are not
independent (Zhao et al. 2005). This LD, although originally thought to extend for short
distance, has been shown in many livestock species to extend over several megabases (Farnir
et al. 2000; Harmegnies et al. 2006; Heifetz et al. 2005; McRae et al. 2002; Nsengimana et al.
2004). Effectiveness of MAS and fine mapping of disease-associated genes will be affected
by the extent of the LD and its decline over distances (Dekkers and Hospital 2002; Lande and
Thompson 1990; Zhao et al. 2005). Therefore, studies should be conducted to determine the
extent of LD in breeding populations prior to implementing MAS programs to maximize the
effectiveness of the selection.
1.2 RATIONALE AND OBJECTIVE FOR DISSERTATION RESEARCH
The chicken industry is composed of two main segments; egg-layers and broilers (meat
chickens). Disease resistance traits, such as host responses to Salmonella enteritidis, are
important to both segments of the industry. Salmonella enteritidis (SE) is a major zoonotic
pathogen which plagues the chicken meat and egg industries. Although many serovars of
Salmonella infect the broiler industry, only SE can infect the egg directly (Guard-Petter
2001). In 2005, the US egg production was estimated at over 76.98 billion table eggs
(USDA 2006). With an infection rate as high as 1/10,000 of all eggs produced, the industry
stands to lose millions of potential income due to lost product sales because of SE infection
(CDC 2005). On top of the industry losses, the chicken industry invests substantial amounts
of money every year for the monitoring, prevention, and treatment of SE infections within
chicken flocks.
3The question arises in how to improve the chicken’s immune response to SE to reduce the
number of human infections. SE has increased steadily worldwide since the early 1970’s,
and has recently established itself as the leading serovar in salmonellosis cases in humans
(CDC 2006; Rodrigue et al. 1990). Previous studies have estimated that there were at least
1.4 million non-typhoidal Salmonella infections within the United States between 1996 and
1999, resulting in 168,000 physician office visits per year, 15,000 hospitalizations, and 400
deaths annually (Voetsch et al. 2004). These numbers are even higher in under developed
countries (Voetsch et al. 2004) where antibiotics are sparse and usually very expensive,
resulting in a increased need for Salmonella prevention in chicken and chicken products.
A method that takes advantage of selecting individuals based upon their genotypes instead of
a phenotypic trait for creation of the next generation is known as marker assisted selection.
This method was popularized by Lande and Thompson (1990). Marker assisted selection
utilizes either the gene of interest itself or a linked genetic marker that is in association with
the gene of interest (Dekkers and Hospital 2002). The selection of molecular markers and
their effectiveness depends on the strength of the linkage between the marker and the trait of
interest and the type of marker selected for the study (Rothschild and Soller 1997). Recent
advancements in the chicken, such as the sequencing of the chicken genome and creation of
large scale SNP detection platforms, has enabled the improved identification of molecular
markers for marker assisted selection programs (Epstein et al. 2003; Fan et al. 2003; Hillier
et al. 2004; Oliphant et al. 2002).
Through the use of SNPs as molecular markers, candidate gene theory, the creation of an F1
generation and two F8 populations of advanced intercross chicken lines, and technology such
as SNaPshot and Illumina BeadArray we identified genes and molecular markers that play a
role in resistance to SE to increase biosafety of a commercially important food source. The
marker analysis platforms were also utilized to study linkage disequilibrium across multiple
generations of a chicken breeding population.
1.3 ORGANIZATION OF DISSERTATION
The remainder of this chapter (Section 1.4) is a review of relevant literature to the research
presented. This thesis is written in the alternate format, in which manuscripts prepared for
scientific journal publication (Chapters 2, 3, 4, and 5) follow a review of literature relevant to
those manuscripts (Section 1.4). Appendices 1 and 2 were added for the completeness of the
body of work completed during the dissertation. The overall theme of the research presented
4herein is the identification of structural variations within the chicken genome associated with
host resistance to Salmonella enteritidis, along with analysis of linkage over multiple
generations of advanced intercrossing.
Chapter 2 is comprised of a manuscript (Hasenstein et al. 2006) that was published in
Infection and Immunity that describes the identification of two innate immune genes
possessing an association with bacterial burden levels within an F1 resource population of
chickens. Chapter 3 (accepted for publication in Avian Diseases) describes an analysis of an
innate immune defense gene cluster and its relation to SE bacterial burden levels in two
advanced intercross lines. Chapter 4 (in preparation for submission to Genomic Research)
compares the levels of linkage disequilibrium present within research populations, and
analyzes the changes in linkage disequilibrium between two separate generations due to the
advanced intercross mating scheme. Chapter 5 (in preparation for submission to Animal
Genetics) analyzed SNPs for association with SE bacterial burden utilizing a SNP bead array.
Appendix 1 is comprised of a manuscript (Malek et al. 2004) that was published in Poultry
Science that examines five immune genes, including three that possessed associations with
bacterial burden levels within a chicken F1 resource population. Appendix 2 presents
research that was presented at an international scientific conference on an innate immune
defense gene cluster and its relation to SE bacterial burden levels in two advanced intercross
lines. Due to the manuscripts being previously published, the organization and format of
Chapters 2 and 3 and Appendices 1 and 2 are in accordance with requirements of the
respective journal formats. Coauthors of the manuscripts are:
Chapter 2: J. R. Hasenstein1, G. Zhang2, and S. J. Lamont1
1Department of Animal Science, Iowa State University; 2Department of
Animal Science, Oklahoma State University.
Chapter 3: J. R. Hasenstein1 and S. J. Lamont1
1Department of Animal Science, Iowa State University.
Chapter 4: J. R. Hasenstein1, J. C. M. Dekkers1, and S. J. Lamont1
1Department of Animal Science and Center for Integrated Animal Genomics,
Iowa State University.
5Chapter 5: J. R. Hasenstein1, A. T. Hassen1, J. C. M. Dekkers1, and S. J. Lamont1
1Department of Animal Science and Center for Integrated Animal Genomics,
Iowa State University.
Appendix 1: M. Malek1, J. R. Hasenstein1, and S. J. Lamont1
1Department of Animal Science, Iowa State University.
Appendix 2: J. R. Hasenstein1 and S. J. Lamont1
1Department of Animal Science, Iowa State University.
For Chapter 2-5 and Appendix 2, the first author (Hasenstein) was involved in phenotype
collections. For Chapter 2, 3, and 4 and Appendix 2, the first author (Hasenstein) performed
all of the laboratory work (DNA isolation, PCR amplification), statistical analyses, linkage
disequilibrium analysis, and was primarily responsible for drafting the manuscripts.
Genotype scoring for Chapter 2, 3, and Appendix 2 was done by first author (Hasenstein).
For Chapter 5, the first author (Hasenstein) was the primary person responsible for the
interpretation of the statistical analysis and drafting the manuscript. For Appendix 1, the
second author (Hasenstein) was responsible for the PCR amplification, genotyping, and
statistical analysis of MD-2 and was involved in editing of the manuscript.
1.4 REVIEW OF RELEVANT LITERATURE
Salmonella
Zoonoses are defined as diseases and infections that can be transmitted between man and
animals. These include such notable infections as Brucellosis, Salmonellosis, Tuberculosis,
and Campylobacteriosis. All livestock animals are susceptible to infections with Salmonella.
Salmonella belongs to a genus of gram negative, non-spore-forming, usually motile,
facultative anaerobic bacilli of the family Enterobacteriaceae. There are over 2200
characterized serotypes of Salmonella based upon somatic, flagella, and capsular antigens
(Ekperigin and Nagaraja 1998). A serotype is defined as a group of intimately related
microorganisms distinguished by a common set of surface antigens. Three serotypes,
Enteritidis, Typhimurium, and Newport, were shown to be responsible for 43% of all
Salmonella cases where reported in 2004 (CDC 2006). Salmonella typhimurium is a
common cause of salmonellosis through consumption of undercooked meat among humans
and animals in many countries (Leon-Velarde et al. 2004). Salmonella typhi is a serotype that
6is a major concern in the medical community due to infection leading to Typhoid fever, a
potentially life threatening disease in humans (Woo et al. 2001). Salmonella enteritidis (SE),
a food-born pathogen commonly found in poultry meat and eggs, is consistently one of the
top three serotypes isolated around the world (Herikstad et al. 2002).
SE can infect flocks of laying hens either through horizontal or vertical transmission.
Horizontal transmission can occur at many sites during poultry production. Transmission
can be to young chickens at the hatchery, during growth on an infected farm, or during
shipment to the slaughter house. Infection can be transmitted among birds through
contaminated drinking water (Nakamura et al. 1994), mouse droppings (Henzler and Opitz
1992), feed (Hinton et al. 1989), manure in floor pens (Mollenhorst et al. 2005), and either
dust particles or airborne droplets (Baskerville et al. 1992). Infection of birds can lead to
varying clinical symptoms from barely any signs to mortality of the infected individuals.
Many serovars of Salmonella have been traced to cases of salmonellosis through infected
meat products, but so far only SE causes human illness through egg contamination (Guard-
Petter 2001). This presents a unique threat to food safety. Considering an estimate of 2.3
million SE-contaminated shell eggs/year of the estimated 69 billion produced annually, Hope
et al. (2002) reported that this contamination will account for roughly 661,000 human
illnesses per year from consumption of infected eggs. Based off of estimates from the Center
of Disease Control and United States Department of Agriculture, 661,000 illnesses is a
conservative estimate (CDC 2005; USDA 2006). SE, predominantly phage type 4, is adept at
inhabiting the reproductive tract of chickens, causing long term colonization. This
colonization leads to an increased rate of SE infection within the developing eggs when
compared to other serovars (Okamura et al. 2001).
Many steps are required for the adherence, infiltration, and infection of host cells by SE. The
course of a sub-lethal challenge consists of (i) rapid clearance of a large portion of the
inoculum; (ii) early exponential growth of the remaining bacteria in the reticuloendothelial
system (RES); (iii) suppression of growth in the RES, resulting in a plateau stage, in which
natural killer cells and macrophages are effector cells; and (iv) clearance of the bacterium
from the tissues through T-cell dependant and major histocompatibility complex-controlled
immune systems (Lalmanach and Lantier 1999). Penetration of the intestinal mucosal barrier
is a necessity for infection by Salmonella (Jones and Falkow 1996). Flagella located on the
cell surface of Salmonella are factors that allow the bacteria to adhere to host cells. Non-
7flagellated mutant strains of SE were significantly less adherent to gut tissue than the wild-
type strain (Allen-Vercoe and Woodward 1999).
Figure 1. Invasion of Intestinal Mucosa by Salmonella
(Giannella 1999)
Underlying the mucosal barrier are numerous immune cells which constantly sample the
environment. The cells involved in the mucosal barrier include M cells, important for
sampling and presenting luminal content (Gewirtz and Madara 2001), dendritic cells which
sample and process Salmonella from the gastrointestinal tract lumen content (Rescigno et al.
2001), heterophils which regulate the innate immune response through rapid phagocytosis of
bacteria and release of proteolytic enzymes, and macrophages in Peyer’s patches which play
a role in phagocytosis and bacteria destruction (Fig. 1) (Lalmanach and Lantier 1999). In
addition, interactions between macrophages or dendritic cells with the bacteria result in up-
regulation of immunity co-stimulatory molecules important for T cell activation (Yrlid et al.
2000). After the Salmonella reach the subepithelial lymphoid tissue, they are taken up by
macrophages and dendritic cells. It is within these immune cells that the Salmonella
replicates and survive. Due to the intracellular replication within migratory immune function
cells, Salmonella is able to systemically colonize the liver and spleen tissues (Haimovich and
8Venkatesan 2006). In time, the Salmonella reenter the blood stream which leads to host
death by lipopolysaccharide-induced shock and damage (Haimovich and Venkatesan 2006).
Salmonella infections, while they can be undetectable in infected poultry flocks, show a
distinct set of clinical features in humans. The majority of people, those with normal health,
will develop diarrhea, fever, and abdominal cramps 12 to 72 hours after infection (CDC
2005). Most people will recover without treatment in less than a week. In the elderly,
infants, and immunocompromised, there is a chance that SE may continue beyond the
intestines to infiltrate the blood stream (sepsis). Sepsis can cause death in some age groups
unless treated with an antibiotic.
Salmonella enteritidis has increased worldwide since the early 1970s, and is the leading
serovar in Salmonellosis cases in humans (CDC 2006; Rodrigue et al. 1990). SE continued
at pandemic levels throughout the 1980s and escalated in nearly two-thirds of the 35
countries which responded to a World Health Organization survey (Gomez et al. 1997). In a
five year period from 1990 to 1995, SE isolates increased in frequency by 10.7% worldwide
(Herikstad et al. 2002). The level of SE increased from 5% in 1985 to 25% of all isolated
salmonella in 1995 (Gomez et al. 1997). This global distribution of SE has lead to serious
medical and economical consequences worldwide. It has been estimated that there were at
least 1.4 million non-typhoidal Salmonella infections within the United States between 1996
and 1999, resulting in 168,000 physician office visits per year, 15,000 hospitalizations, and
400 deaths annually (Voetsch et al. 2004). In cases of Salmonella infections, the source has
been commonly traced back to improperly stored or cooked egg and meat products (Rodrigue
et al. 1990). These products can be traced back to infected broiler tissue (Corkish et al. 1994)
or contaminated US grade-A shelled eggs and infected birds at the farms (Henzler et al.
1994; van de Giessen et al. 1992).
The phage types that are most commonly associated with human illness outbreaks in the US
and Europe are phage type 4, 8, 13a, and 13 (Angulo and Swerdlow 1998; Fisher 2004). The
most alarming development in SE epidemiology in the United States has been the emergence
of phage type 4 and the threat of spreading among commercial flocks. Phage type 4 causes
little to no morbidity in the poultry itself and thus the birds may remain in the production
flocks, although it dramatically increases the incidence of human illness when introduced
into poultry populations. SE phage type 4, currently present throughout much of the
European continent, has caused a five fold increase of human illness in select countries
9(Fisher 2004; Rodrigue et al. 1990). Some SE phage strains may have become adapted to
withstand current food preparation practices that would otherwise kill other strains of
Salmonella (Threlfall 2002). Another trend is the increase in antimicrobial resistant strains
of SE. In samples of Salmonella taken from food animals in Alberta between 1996 and 1999,
11.8% were resistant to at least one form of antimicrobial agent (Johnson et al. 2005).
Multiple resistances were also observed to a combination of the following antimicrobials:
ampicillin, chloramphenicol, streptomycin, sulfamethoxazole, tetracycline, and ticarcillin
(Dias de Oliveira et al. 2005; Johnson et al. 2005).
Genetics and Selection
To identify genes controlling host response to SE, it has to be shown that there is a genetic
component to the SE host repsonse. There also must be enough genetic differences between
poultry lines or between the individuals used in the study to detect genetic differences
involved in the immune response to a challenge. Due to large genetic distances that are
present among the three breeds of inbred birds (Leghorn, Spanish, and Fayoumi) and an
outbred broiler commercial line used in the study of immune response to SE at Iowa State,
there is an opportunity to evaluate line-specific alleles among breeds for association with SE
response (Zhou and Lamont 1999). Genetic selection, through the use of proven molecular
markers for immune response and disease resistance, is proposed as a beneficial means for
improvement of poultry health (Hasenstein et al. 2006; Kaiser and Lamont 2001; Lamont
1998b; Lamont 2004; Liu and Lamont 2003; Malek et al. 2004).
A low-to-medium realized heritability (0.1 to 0.4) for antibody levels has been estimated in
association experiments for antibody response (Boa-Amponsem et al. 1998; Gross et al.
1980; Kaiser et al. 1997; Pinard et al. 1993). This indicates that there is a genetic component
to the immune response. Through genetic selection for specific antibody response, broilers
can become more resistant to administered bacterial challenges (Leitner et al., 1992). Kaiser
et al. (1997) reported an estimated heritability of 0.25 for antibody response to SE in young
broiler chicks. Through the previous study and one conducted by Kaiser et al. (1998), the
foundation of genetic control acting upon SE resistance has been shown through examination
of SE vaccine antibody levels. Therefore, application of results from genetic studies should
be feasible to achieve genetic improvements in maturation of antibody response through
selection (Kaiser et al. 2002a). It has been shown using E. coli in chickens that antibody
response to vaccination can vary nearly threefold between high and low responding lines of
birds (Yunis et al. 2002a). An overall increase in immunocompetence of birds can be
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achieved through selection for higher antibody response in young chicks without any
negative effects on growth rate later in life (Yunis et al. 2002b). Therefore, it appears
feasible that improvement of animal welfare and food safety can be achieved through genetic
selection.
Today, genetic improvement is typically done through some variation of genetic selection.
Phenotypic selection is accomplished through selection of individuals that possess the
desired phenotype. Although selection based upon phenotypes is fairly straightforward and
easy to implement, there are many disadvantages that are incorporated with this type of
selection. The efficiency of direct phenotypic selection may be very low if: (i) the desired
trait is highly modified by environment (low heritability), (ii) the trait is a dominant trait or
governed by more than one gene, or (iii) the trait evaluation method is too expensive,
laborious, or inconvenient for large scale selection (Falconer and Mackay 1996; Masojc
2002). In addition to being difficult to make genetic gains through phenotypic selection, the
majority of economically important traits are quantitative in nature (Davis and DeNise 1998;
Dekkers and Hospital 2002). Quantitative selection is based upon knowledge of genetic
parameters such as heritability, genetic variances, and genetic correlations (Davis and
DeNise 1998; Dekkers and Hospital 2002; Falconer and Mackay 1996). All of these can be
estimated through statistical analysis of pedigrees based upon phenotypic characteristics
(Dekkers and Hospital 2002).
One method of selection that takes advantage of picking individuals based upon their
genotype in addition to their phenotypic characteristics is implementation of marker assisted
selection (MAS). Lande and Thompson (1990) developed MAS based on a multiple linear
regression of phenotype on marker types, and this has been successfully implemented in
multiple selection experiments (Villanueva et al. 2002). MAS breeding programs consist of
three phases: (i) a detection phase in which linked or direct markers are identified, (ii) an
evaluation phase in which association of markers to QTL of interest is examined in the test
population, and (iii) an implementation phase in which the linked marker is shown to be
predictive in the test population (Davis and DeNise 1998). MAS takes advantage of either
the gene of interest itself or linkage disequilibrium present in the population that allows for
the use of a genetic “marker” in association with the gene of interest (Dekkers and Hospital
2002). Markers are used as cofactors in marker assisted selection programs to increase the
accuracy in the prediction of genotypic values (Lande and Thompson 1990).
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Although MAS has advantages over phenotypic selection in application (i.e. when traits have
low heritability), it has its limitations. It is necessary to study a large number of individuals
to achieve significant statistical power for marker detection (Moreau et al. 1998). Another
factor to be considered when implementing MAS in a breeding program is that MAS is more
efficient when the distance between markers and quantitative trait loci (QTL) is small
(Edwards and Page 1994). However, MAS is not always advantageous over phenotypic
selection (Villanueva et al. 2002).
Molecular Markers
Many types of molecular markers have been identified for use in selection programs such as
MAS (Vignal et al. 2002). These markers include restriction fragment length polymorphisms
(RFLP) (Paterson et al. 1988), randomly amplified polymorphism DNA (RAPDs) (Williams
et al. 1990), amplified fragment length polymorphisms (AFLPs) (Thomas et al. 1995), single
strand conformational polymorphisms (SSCPs) (Ainsworth et al. 1991), variable number of
tandem repeats (VNTRs) (Nakamura et al. 1987), minisatellites, and microsatellites (Table 1)
(McAlpine et al. 1989). Researchers have recognized polymorphisms in proteins and blood
types present in organisms since the early 1900s (Collins et al. 1999), but it wasn’t until the
late 1980s and early 1990s that research utilizing DNA polymorphisms was implemented.
Table 1. Technical Requirements and Characteristics of Molecular Markers
(Vignal et al. 2002)
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Microsatellites were initially used as the molecular marker of choice for many experiments.
Microsatellites are polymorphic tandem repeats of sequences only two to five nucleotide
pairs long (Snustad and Simmons 2000). Microsatellites have given way to single nucleotide
polymorphisms (SNP) as the favored genetic marker. A SNP marker is just a single base
change in a DNA sequence, with a typical alternative of two possible nucleotides at the given
position (Weller 2001). For a genomic DNA location to be considered a SNP, the minor
allele should have a frequency of 1% or greater in the population (Vignal et al. 2002). Single
base pair insertion/deletion variants (indels) are not formally considered as SNPs (Brookes
1999). Genetic mutations give rise to two types of SNPs: either transitions (purine-purine or
pyrimidine-pyrimidine exchanges) or transversions (pyrimidne-purine or purine-pyrimidine
exchanges). Although ratios suggest that transversions should be more common than
transitions (2:1), observed data indicates a clear bias for SNPs towards the transitions
(Collins and Jukes 1994).
Over the past two decades, research has shifted from use of multi-allelic microsatellites to
using a relatively simple bi-allelic SNP as a marker. There are five factors which must be
considered when explaining what appears as a step backwards from highly informative multi-
allelic microsatellites to simple bi-allelic co-dominant SNPs (Vignal et al. 2002). These
factors (Dietrich et al. 1992) include (1) development and genotyping costs, (2) degree of
polymorphisms and genome saturation, (3) reliability and reproducibility, (4) ability to
automate genotyping, and (5) the number of samples that can be genotyped in one day.
SNPs are more useful in relation to these factors than previously identified molecular
markers. First, a SNP, when found in a functional gene region, may more likely be the
causal mutation or source of phenotypic variation than a microsatellite (Salisbury et al.
2003). Second, SNPs are present throughout many genomes at a high frequency (Carlson et
al. 2001; Konfortov et al. 1999; Wong et al. 2004). The typical frequency of SNPs observed
in genomic DNA from two equivalent chromosomes is of the order of 1/1000 base pairs
(Brookes 1999). A study conducted in Bos taurus has indicated regions with SNP
frequencies of one SNP every 434 base pairs and one SNP every 104 base pairs (Konfortov
et al. 1999). The International Chicken Polymorphism Map Consortium recently identified
SNPs in Gallus gallus at a rate of one SNP every 200 base pairs (Wong et al. 2004). Lastly,
SNPs provide a unique opportunity to examine mutation rates and therefore track
evolutionary history of a species (Salisbury et al. 2003). Because of the three previous
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factors, SNPs show a distinct advantage over other molecular markers such as microsatellites
(Dietrich et al. 1992).
Although there have been many questions as to what type of molecular marker may be best
suited for use in QTL studies, there is little doubt that SNPs are the marker of choice for
candidate gene analysis. Testing of candidate genes in exons, promoters, splice sites, or
other regulatory regions is mainly done using the SNP approach (Beaty et al. 2005;
Beaumont et al. 2003; Hasenstein et al. 2006; Malek et al. 2004). SNPs are the most
common polymorphism and are likely responsible for any phenotypic variation present
(Vignal et al. 2002).
For SNP genotyping, there are many techniques that are currently available. Such techniques
include PCR-RFLP tests, SSCP SNP tests, matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF), oligonucleotide ligation assay (OLA),
pyrosequencing, exonuclease detection (TaqMan), invasive cleavage of oligonucleotide
probes (invader assay), and many more (Vignal et al. 2002). Each test has advantages and
disadvantages that must be taken into account depending on the size and the scope of the
study conducted.
In the identification of SNPs, many academic labs are searching for a suitable method that
provides a simple, highly accurate, and cost-effective technology for a modest number of
SNPs (seven – 20) that can be typed on hundreds of individuals for a region of interest (Pati
et al. 2004). One such technology which has been gaining popularity is the SNaPshot
method (proprietary methodology from Applied Biosystems, Foster City, CA) (Esfandiary et
al. 2005; Pati et al. 2004; Vaarno et al. 2004). The SNaPshot method requires target
amplification from genomic DNA, followed by purification (Pati et al. 2004). SNaPshot
primers are created to target the sequence immediately upstream of the SNP and are extended
by a single base in the presence of all four fluorescently labeled dideoxy nucleotides
(ddNTPs). Each fluorescently labeled base emits a different wavelength, which are identified
as four separate colors. The reactions are run on an ABI 3700 and genotypes are determined
by the color and location of the fluorescence peak (Pati et al. 2004). Data are finally
analyzed with the ABI Gene ScanTM software package (Pati et al. 2004).
Illumina BeadArray™ technology adds additional orders of magnitude for SNP genotyping,
allowing simultaneous analysis of multiple samples and targets in the same experiment.
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Each BeadArray™ assay associates a fluorescent label with an oligonucleotide sequence that
is complementary to a particular SNP address on a bead (Oliphant et al. 2002). This
association is made to have high allele- and locus-specificity, and is amenable to
multiplexing (Oliphant et al. 2002). This assay allows for single-base extension to perform
robust genotyping of samples (Gunderson et al. 2004; Oliphant et al. 2002; Shen et al. 2005).
Linkage Disequilibrium
Association analysis, or linkage disequilibrium (LD) mapping, has been used to analyze
human and livestock diseases (Farnir et al. 2000; Harmegnies et al. 2006; McRae et al. 2002;
Nsengimana et al. 2004; Wall and Pritchard 2003). Association analysis possesses the
capacity to identify single nucleotide polymorphisms within a gene that is associated with the
difference in phenotype. LD plays an influential role in association analysis. LD is defined
as the nonrandom association of alleles at different loci (Flint-Garcia et al. 2003). If there is
a substantial increase in disease risk caused by a single SNP, an association may be seen
between that increased risk and other SNPs in LD with the causal SNP (Weiss and Clark
2002). LD levels are increased through selection. Under selection, regions surrounding the
causal locus tend to show an abrupt loss of variation due to genetic hitchhiking (Barton
2000). These regions of linkage disequilibrium remain until broken apart by a recombination
event. Genetic drift also is a factor in the increase of LD within a population. Over time,
alleles are either lost or become fixed within a population. Once such an event occurs, that
particular locus loses variation and becomes in complete linkage disequilibrium with
surrounding loci.
For characterization of LD between two biallelic loci, there are multiple measurements
available. The majority are based upon D (Dij = p(AiBj) – p(Ai)p(Bj)), the first commonly
utilized measurement (Lewontin 1964), which is the difference between the observed and
expected haplotype frequencies at linkage equilibrium. Under linkage equilibrium, the
expected frequency of a specific allele combination (haplotype) is equal to the product of the
individual allele frequencies. If the expected frequency does not equal the product of the
individual allele frequencies, then LD is said to exist (Jorde 2000). D is dependant on
recombination frequencies; therefore D will tend to be smaller when two loci are located far
apart. D is highly susceptible to missing genotypes. If one of the four possible genotypes is
missing, D automatically is set to a value of 1, representing complete linkage.
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Another widely used statistic for measuring LD in a population is r2, a Pearson correlation
coefficient for alleles at A and B. A Pearson correlation measures the strength and direction
of a linear relationship between two variables. The r2 is derived from D, but compensates for
some of the shortcomings associated with D. The r2 statistic can be written as: r2ij = D2ij / [
p(Ai) (1 – p(Ai)) p(Bj) (1 – p(Bj)) ]. The r2 is the squared correlation between the alleles at
two biallelic loci (Harmegnies et al. 2006; Hill and Robertson 1968). The r2 is more tolerant
to missing genotypes; it will not proceed to a value of 1 unless two or more possible
genotypes are absent (Wall and Pritchard 2003). Currently, researchers appear to prefer r2
for analyzing biallelic markers that might correlate with QTL or candidate genes (Ardlie et
al. 2002; Flint-Garcia et al. 2003; Harmegnies et al. 2006; Zhao et al. 2005).
Statistical Analysis
Markers or haplotypes were originally analyzed individually to detect trait-associated regions
in the genome. Trait-association tests are conducted through comparisons of mean trait
values of groups of animals bearing differing genetic backgrounds or family structure. These
groups are analyzed by either inherited genotypes or alleles using a linear regression or one-
way ANOVA (Lander and Botstein 1989). In addition, least squares regression in inbred line
F2 crosses has been proposed for interval mapping. Least squares interval mapping involves
regressing phenotypic data onto the probability of inheriting specific alleles at a given
position between two markers. Through the use of flanking markers, the probability of
inheriting a specific allele at a given location can be calculated by the expected amount of
recombination between the given point and the markers based upon map distances (Haley
and Knott 1992).
There are multiple statistical methods that have been developed for the detection,
identification, and mapping of QTLs. These include Maximum Likelihood (ML) (Bovenhuis
and Weller 1994), BLUP-based methods such as REML (Fernando and Grossman 1989),
Bayesian analysis through Gibbs sampling approaches (Ilahi and Kadarmideen 2004), and
least squares (LS) methods (Knott and Haley 1992). Many QTL mapping experiments begin
with the use of a genome scan to identify regions of interest across the species’ genome. The
genome scan approach uses genetic markers spread across the entire genome and are used to
identify chromosomal regions that control traits of economic importance. The most
frequently used methods for detection and mapping of QTLs are either the ML method or the
LS method. The LS method involves a simple regression of the phenotype on genotypes (Liu
and Dekkers 1998), making it easy to use for detecting the presence of a QTL linked to a
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known marker (Liu and Dekkers 1998; Whittaker et al. 1995). Although it is regarded as the
best method of identification, ML is computationally intensive, laborious, and cannot be
applied to complex populations or traits (Bovenhuis and Weller 1994; Liu et al. 2004).
One-way ANOVAs can be used to test for the significance of variation among parents and
offspring in comparative mapping of QTL (Mao et al. 2004). QTLs are analyzed using a log
of odds (LOD) score (Purcell et al. 2001; Rexroad et al. 2001). QTL interval mapping
analysis can be performed with a maximum likelihood approach using MAPMAKER/QTL
software version 1.1 (Lincoln et al. 1992) or with a LS approach of QTL Express web-based
program (Seaton et al. 2002).
Although QTL analyses, conducted through complete genome scans using multiple markers,
provide a powerful research tool, it raises the question of how to control the error rates that
accompany multiple comparisons. This question is also being raised with the advent of new
multiple-SNP genotyping platforms (Barrett and Cardon 2006; Fan et al. 2006; Kwok 2001;
Kwok and Chen 2003; Shen et al. 2005). The main concern with multiple tests is controlling
the error rates. There are two types of error. Type I, also known as  error or a "false
positive", is the error of rejecting a null hypothesis when it is the true state of nature. The
second type of error is Type II error, also known as a  error or a "false negative", which is
the error of not rejecting a null hypothesis when the alternative hypothesis is the true state of
nature. Large scale studies are most concerned with controlling the Type I error rate.
Although Type I Error has been used in previous studies when conducting more than one
test, multiple comparisons lead to an incorrect Type I error reading. For multiple testing
situations, the level of Type I errors is higher than the nominal level. It has been suggested
that a family-wise error rate (FWER) should be used to control experimental-wise error rate
in experiments with multiple testing (Westfall et al. 1999). Many studies employ the
Bonferroni procedure as a method of multiple test adjustments, which is the simplest, but
frequently also a highly conservative method to adjust for multiple testing. The Bonferroni
correction is a statistical method where the level of significance equals /n, with 
representing the significance level desired and n is the number of tests (Perneger 1998). This
correction is a highly stringent control of Type I errors, and is rarely used in large-scale
association tests. Another method to control FWER is through resampling techniques, such
as minP (Troendle 1996). This procedure is less conservative than Bonferroni when many
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tests are dependant (Yang et al. 2005). These procedures generally provide a weak control of
FWER.
To control the error rates, many researchers have turned to the proposed false discovery rate
(FDR) (Benjamini and Hochberg 1995; Storey 2002). This method does not require
resampling of the data. Instead of controlling FWER, FDR controls a less restrictive
measure, the expected proportion of truely null hypotheses among all the rejected null
hypotheses. FDR is written as E(V/R), where E is the expected value, V is the number of
rejections of truely null hypotheses, and R is the number of total rejected null hypotheses
(Yang et al. 2005). This approach also gives weak control of FWER. Another method was
proposed by Storey and Tibshirani (2003) for obtaining a conservatively biased estimator of
FDR based on the distribution of the P-values, referred to as Q-values. This method does not
make any assumptions about the distribution of P-values related to the genes examined. A
Q-value is the number of false positives out of the number of significant results in a study.
Candidate Gene Approach
The candidate gene theory describes a useful approach that has been implemented to identify
genes that influence disease response. The candidate gene theory states that a significant
proportion of the quantitative trait loci affecting trait variation in any given population
actually is comprised of candidate genes associated with that trait (Rothschild and Soller
1997). The genes analyzed through the candidate gene theory could be either structural
genes or genes which affect trait expression, be it through a regulatory or biochemical
pathway (Bryne and McMullen 1996). Candidate gene analyses are typically conducted in
single generation studies with any random mating population that can be phenotyped. These
characteristics make candidate gene analyses amenable to research studies where time and
money for creation of a large, extensive breeding program may not be available.
Candidate gene analysis is conducted in a step-wise process, as follows (Rothschild and
Soller 1997): 1) selection of a candidate gene, 2) database analysis of the known genomic
organization of the candidate in species of study and other species, 3) designing primers from
the known sequence, 4) sequencing of the polymerase chain reaction (PCR) product for gene
verification, 5) amplifying pooled genomic DNA samples to check for polymorphisms, 6)
designing a genotyping test to allow for amplification and analysis of large number of
individuals, and 7) analysis of associations between traits of interest and genotype of the
candidate gene.
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There are three classes of candidate genes that can be used for identification of genes
responsible for traits of interest. A potential candidate gene could be a regulatory or
structural gene along a biological or biochemical pathway that influences expression of the
trait of interest (Rothschild and Soller 1997). Such genes are termed biological or
physiological candidate genes. A biological candidate gene is selected from genes of known
sequence, based upon biological or physiological function, and used to study the association
between polymorphisms within the gene and traits of interest (Rothschild and Soller 1997).
There are numerous examples of biological candidate genes (Liu et al. 2003; Liu and Lamont
2003; Liu et al. 2002; Malek and Lamont 2003; Rothschild et al. 1996; Zhou et al. 2001;
Zhou and Lamont 2003)
The second class of candidate genes is positional candidate genes. Positional candidate
genes are genes which are selected after a QTL linkage analysis study (Rothschild and Soller
1997). Positional candidate gene identification takes advantage of the level of linkage
disequilibrium (LD) between a disease locus and one or more genetic marker loci (Lazzeroni
2001). LD in most F2 candidate gene studies is usually about 10-30 cM on average, which is
roughly equal to a region of 5-15 MB of DNA (Darvasi and Soller 1997). In most livestock
species, this sized region can contain anywhere from 300 to 900 genes (Darvasi and Soller
1995). Positional candidate genes can be selected from genes which have been previously
mapped under the QTL region. The natural resistance-associated macrophage protein 1
(NRAMP1) gene was identified through the positional candidate gene method as the gene
responsible for increased resistance to intracellular pathogens in mice (Vidal et al. 1993).
The positional candidate gene approach has also been used successfully in several studies in
rat, bovine, chickens, and swine (Mariani et al. 2001; Nielsen et al. 2000; Smith et al. 2000;
Yokoi et al. 2000). Pursuing candidate genes has been aided substantially by the creation of
detailed physical maps in poultry (Burt et al. 1995; Wallis et al. 2004). In recent years, a
major effort is underway to sequence the entire genome of many model and livestock
organisms. Positional candidate genes in poultry can be identified by utilizing the
information present in other organisms with a high level of synteny such as humans and mice
(Groenen et al. 2000; Groenen et al. 1999; Smith and Cheng 1998). Through the
combination of QTL studies, genomic sequences, and detailed linkage maps, positional
candidate genes will become an important mode of candidate gene identification in the
future.
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In addition, comparative livestock maps can be utilized which identify syntenic regions
between the two organisms of interest. The result is a third class of candidate genes, termed
comparative positional genes. Through comparisons with gene-rich genomes that have a
high evolutionary conservation with the chicken genome (Hillier et al. 2004), such as the
human genome (Burt et al. 1999), comparative positional candidate genes (Johansson Moller
et al. 1996) allow for the prediction of genes within a desired region of the genome. This
identification of genes can occur even if the order of genes along the genome is not
completely conserved between the two species. Protease inhibitor gene is an example of
comparative positional candidate gene analysis. This gene was identified through candidate
gene analysis and previous QTL linkage mapping results as a candidate gene affecting milk
production and reproduction traits in dairy cattle (Khatib et al. 2005).
In the final step of candidate gene analysis, both genotypes and phenotypic trait
measurements are used for statistical analysis. Association tests can be conducted using
mixed linear model procedures in which the polymorphisms or genotype are set as fixed
effects (SAS 2004). Analysis is performed to determine potential associations between a
specific trait of interest (Ron et al. 1994) and the genotype of the candidate gene. A
polymorphism identified in a candidate gene can either be a causal mutation or may only
serve as a “marker” for the trait of interest. Once an association is detected, the gene effect
must be confirmed in other populations, in particular those involving breeds that are of
commercial interest. Upon confirmation of the association between the candidate gene and
trait of interest, it can by directly implemented into a breeding program through marker
assisted selection.
Candidate genes have been used successfully in identification of genes affecting SE
resistance in chickens. The major histocompatibility complex, both class I and class II genes,
are candidate genes (Liu et al. 2002) which play an important role in disease resistance
capabilities of an individual (Briles et al. 1977). Hu et al. (1997) reported the role of
NRAMP1 in chicken resistance to salmonellosis. Liu et al. (2003) confirmed the association
of NRAMP1 with spleen bacterial load in poultry when challenged with SE. Liu and Lamont
also utilized the physiological candidate gene approach to identify association with
salmonellosis and the Caspase-1, Inhibitor of Apoptosis Protein-1, and Prosaposin genes in
poultry. Other immune function genes, such as inducible nitric oxide synthase and
transforming growth factor 2, have been identified as candidate genes for disease resistance
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in multiple populations of birds (Beaumont et al. 2003; Kramer et al. 2003; Malek et al.
2004; Malek and Lamont 2003; Sadeyen et al. 2004).
Many candidate genes have also been identified that play other roles than that of disease
resistance. Transforming Growth Factor- genes are associated with growth and body
composition in poultry (Li et al. 2003), Caspase-1 and the chicken B-cell marker (ChB6) are
associated with antibody response kinetics (Zhou and Lamont 2003), and estrogen receptor
locus is a marker associated with increased litter size in swine (Rothschild et al. 1996). The
candidate gene approach has thus been shown to be effective in the identification of a variety
of traits of interest across numerous species.
The use of the candidate gene approach can be expanded to look beyond individual genes; it
can also be utilized in analyzing specific gene clusters or gene families along with genetic
haplotypes. Gene clusters may arise through variously sized blocks of nested
retrotransposons and duplicated genes (Oshiumi et al. 2005; Sitnikova and Nei 1998; Xiao et
al. 2004; Yilmaz et al. 2005). Such clustering may suggest the involvement of genetic
variation that affects higher-order chromosomal organization of the trait of interest. These
clustered genes have often evolved to have distinct individual functions. Such clustering has
been shown in studies examining hematopoietic cell turnover in mice (de Haan et al. 2002)
and -defensins in chickens (Xiao et al. 2004). The major histocompatibility complex
(MHC), a region of genes involved in immune response in multiple species, has been
extensively studied (Aguilar et al. 2006; Lamont 1998a; Pinard et al. 1993). Another gene
cluster associated with host defense mechanisms to disease is the Interferon/Interleukin-10
Receptor Gene Cluster (Reboul et al. 1999; Yilmaz et al. 2005). This cluster includes
portions of the interferon  / -receptors, interferon  receptor, and IL-10 which constitute
known CII family members. The -defensin cluster, MHC, and the Interferon/Interleukin-10
Receptor Gene Cluster are regions of interest for fine-mapping for disease resistance
associations.
Quantitative Trait Loci Mapping
Frequently Utilized Mapping Populations. SNPs provide a unique marker for examination
of QTLs in livestock species. SNPs are present at a dense rate, therefore allowing the
selection of evenly spaced markers for QTL identification or marker analysis (Vignal et al.
2002). These markers are useful for studies in poultry and other livestock populations
created by crossing two closely related lines that are divergently selected for a disease
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association or QTL study (Vignal et al. 2002). Functionally neutral SNPs may be best suited
for linkage studies as they are not selected against and may be maintained over multiple
generations. Functionally relevant SNPs and haplotypes seem best suited for candidate gene
approaches.
Association mapping experiments require the creation of unique resource populations. The
F2 or back-cross resource population of full- or half-sib designs are the most widely used
populations for quantitative trait loci (QTL) and disease-association mapping (Deeb and
Lamont 2003; Soller et al. 2006). F2 resource populations can be used to examine QTLs in
either Mendelian segregating genes, gametic imprinted genes, or genes that show a parent-of-
origin effect (Soller et al. 2006; Thomsen et al. 2004). Several studies have reported
discovery of QTL affecting growth, reproduction, and composition traits in the pig on
numerous chromosomes through the use of F2 populations (Campbell et al. 2003; Malek et
al. 2001; Thomsen et al. 2004). An example of the analysis to study the presence of QTL has
been conducted through the use of a least squares regression model which includes fixed
effects, along with estimated additive and dominance coefficients for the putative QTL
(Malek et al. 2001). The ability of the F2 design to detect all of these cases demonstrates
why it is a widely used population design. It is widely used primarily because of high LD
and its ability to detect associations over long distances.
A disadvantage of the F2 population is that it makes very strong assumptions about allele
distributions in the parental lines. The population works best when both parental lines are
fixed for alternating allele of the QTL (Perez-Enciso and Varona 2000). Unless lines have
been divergently selected for many generations or all individuals are genotyped, there is a
likelihood that the QTL markers will not be alternately fixed in the founding generation. F2
populations are excellent resource populations for detecting the presence of QTLs by the
provided LD, but are unable to discriminate between neutral and causal mutations (Varona et
al. 2005). Therefore, F2 populations lead to a high number of false positive markers that
may not be in high linkage disequilibrium with the causal mutation.
Other populations have been developed to exploit unique attributes that are available to the
researcher. An example of these populations is the use of an F1 population created between
outbred and highly inbred populations in poultry (Deeb and Lamont 2003). This design
allows the researcher to reduce the time to create a test population to one generation instead
of the two that is required for an F2 population. The F1 population has the ability to trace the
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variation originating in the outbred line, which will account for all of the variation among
individuals within the population (Hasenstein et al. 2006; Liu and Lamont 2003; Malek et al.
2004; Malek and Lamont 2003).
Another common population design that has been used in QTL mapping experiments consists
of a three-generation design that has been implemented in commercial broiler breeding
companies (de Koning et al. 2003). Analysis was conducted using a half-sib model, in which
every half-sib family had a QTL fitted at 1-cM along the chromosome (de Koning et al.
2003). These are just a few of many techniques and populations utilized for QTL analysis
(Doerge 2002). Once a QTL has been identified in a test population, it still must be
confirmed in other populations before it can be identified as a true QTL. The same
independent confirmation holds true for candidate gene identification.
Less Commonly Utilized Mapping Populations. Recently, new population designs have
been suggested as methods by which to increase the power of fine mapping regions
underneath QTLs. Populations such as a F2 cross, a backcross, recombinant inbred lines
(RIL), and others have been used to more finely place the location of a QTL of interest. One
such population design has been termed the advanced intercross line (AIL) (Darvasi and
Soller 1995). An AIL population is based on the continued intercrossing of individuals
within a population, avoiding full-sib matings, for multiple generations (Darvasi and Soller
1995). An AIL is created by random intercross breeding of two closed population lines for
multiple generations, which results in genetically unique individuals with a mixture of
founder chromosomal regions (Jagodic et al. 2004).
An AIL uses an increase in recombination during multiple generations of the intercross
mating design to accumulate the amount of recombination events in a small population
instead of using a large number of progeny in a single large F2 or backcross population
(Darvasi and Soller 1995). This continued crossing will reduce linkage disequilibrium in the
population and cause the proportion of recombinants between any linked loci to
asymptotically approach 0.5 (Darvasi and Soller 1995; Falconer and Mackay 1996). There
are numerous advantages that advanced population designs such as an AIL possess. For
QTL mapping purposes, researchers only need to collect phenotypes and genotypes on
individuals in the final generation to examine the linkage analysis (Darvasi and Soller 1995).
The AIL design also lends itself to situations in which information on the number of QTLs in
a specific region is indeterminable, because data obtained with an AIL mapping populations
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potentially allow linked QTLs to be dissected into constituent loci (Iraqi et al. 2000). In
addition, instead of creating relatively few recombinants in a large population such as an F2
or backcross, an AIL accumulates numerous recombinations in a single population of
individuals (Wang et al. 2003b). For each generation of intercrossing in an AIL, there is at
least a t/2-fold (t = number of generations) reduction in the confidence interval for a QTL
when compared to a F2 population (Darvasi and Soller 1997; Xiong and Guo 1997). These
factors allow for improved estimation of the QTL localization and greater resolution for fine
mapping studies.
One of the first studies to utilize the AIL population in animals was a study to fine map the
trypanosomiasis resistance loci in mice (Iraqi et al. 2000). This study proved that an AIL
population could be used to identify disease resistance loci in animals that possessed a short
lifespan. Iraqi’s use of the AIL has been followed up in many other species where multiple
generations can be bred in a short amount of time such as mice, rats, chickens, and fruit flies
(Jagodic et al. 2004; Lonergan et al. 2003; Nuzhdin et al. 1999; Wang et al. 2003b).
Fine Mapping. There remains a missing link between the identification of a QTL which
may span multiple centiMorgans of DNA and the identification of the causal mutation
located within a candidate gene underneath the QTL peak. Ever since Thoday (1961),
researchers have been striving to come up with an estimate map location of a QTL using a
pair of flanking markers. Linkage mapping has been used, but this still only generally
localizes disease genes to 1- to 2-cM regions (Devlin and Risch 1995). Consequently, it will
often be the case that linkage mapping of disease loci will leave about one centiMorgan of
DNA to be searched by molecular genetic studies. Also, through the use of QTL mapping
and/or linkage analysis, the region of a QTL peak will normally cover a large region
(approximately 30 cM).
The size of the QTL regions identified in the F2 and backcross populations often makes it
difficult to speculate on potential candidate genes (Hernandez-Valladares et al. 2004a). This
QTL region can then be mapped by analyzing of the degree of allele deviation from Hardy-
Weinberg equilibrium and also linkage disequilibrium can be measured using a series of
closely linked marker loci (Deng et al. 2000). Therefore, localization is required.
Localization or fine mapping consists of the process of refining the location of the genetic
determinant or determinants (McPeek 2000). Many fine mapping techniques use different
types of samples from populations, such as random case patients and control individuals,
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nuclear families, sibs or case patients only (Deng et al. 2000). Therefore, the power of fine
mapping is defined as the probability that the significance peaks fall within a certain distance
from the QTL (Deng et al. 2000), and will vary for each fine mapping experiment.
Fine mapping a region underneath a QTL peak in an organism with little genomic
information has been aided through comparative mapping of conserved regions with an
organism with high genomic detail. Researchers in many livestock species take advantage of
the depth of knowledge that is provided through the mouse and the human genomes
(Hernandez-Valladares et al. 2004b). Comparative mapping of QTLs is a technique that has
been in use in plant research for many years, and it is now utilized by human and livestock
researchers (Rexroad et al. 2001). These mapping studies typically make use of diverse
germplasm, such as interbreed crosses, which provide strong phenotypic contrasts and
increase the level of marker informativeness (Rexroad et al. 2001). Multiple studies have
used comparative mapping techniques to identify QTLs of interest in cattle, swine, and other
economically important species (Mao et al. 2004; Nonneman and Rohrer 2003; Rexroad et
al. 2001).
1.5 BIBLIOGRAPHY
Aguilar, A., S.V. Edwards, T.B. Smith, and R.K. Wayne. 2006. Patterns of variation in MHC
class II beta loci of the little greenbul (Andropadus virens) with comments on MHC
evolution in birds. J Hered 97: 133-142.
Ainsworth, P.J., L.C. Surh, and M.B. Coulter-Mackie. 1991. Diagnostic single strand
conformational polymorphism, (SSCP): a simplified non-radioisotopic method as
applied to a Tay-Sachs B1 variant. Nucleic Acids Res 19: 405-406.
Allen-Vercoe, E. and M.J. Woodward. 1999. The role of flagella, but not fimbriae, in the
adherence of Salmonella enterica serotype Enteritidis to chick gut explant. J Med
Microbiol 48: 771-780.
Angulo, F.J. and D.L. Swerdlow. 1998. Salmonella enteritidis infections in the United States.
J Am Vet Med Assoc 213: 1729-1731.
Ardlie, K.G., L. Kruglyak, and M. Seielstad. 2002. Patterns of linkage disequilibrium in the
human genome. Nat Rev Genet 3: 299-309.
Barrett, J.C. and L.R. Cardon. 2006. Evaluating coverage of genome-wide association
studies. Nat Genet 38: 659-662.
Barton, N.H. 2000. Genetic hitchhiking. Philos Trans R Soc Lond B Biol Sci 355: 1553-1562.
25
Baskerville, A., T.J. Humphrey, R.B. Fitzgeorge, R.W. Cook, H. Chart, B. Rowe, and A.
Whitehead. 1992. Airborne infection of laying hens with Salmonella enteritidis phage
type 4. Vet Rec 130: 395-398.
Beaty, T.H., M.D. Fallin, J.B. Hetmanski, I. McIntosh, S.S. Chong, R. Ingersoll, X. Sheng,
R. Chakraborty, and A.F. Scott. 2005. Haplotype diversity in 11 candidate genes
across four populations. Genetics 171: 259-267.
Beaumont, C., J. Protais, F. Pitel, G. Leveque, D. Malo, F. Lantier, F. Plisson-Petit, P. Colin,
M. Protais, P. Le Roy et al. 2003. Effect of two candidate genes on the Salmonella
carrier state in fowl. Poult Sci 82: 721-726.
Benjamini, Y. and Y. Hochberg. 1995. Controlling the false discovery rate - a practical and
powerful approach to multiple testing. J Roy Stat Soc Ser B Meth 57: 289-300.
Boa-Amponsem, K., C.T. Larsen, E.A. Dunnington, S.E. Price, A. Yang, and P.B. Siegel.
1998. Mode of inheritance of unselected traits in lines of chickens selected for high or
low antibody response to sheep red blood cells. 1. Resistance to marble spleen disease
virus and juvenile body weight. Poult Sci 77: 1073-1080.
Bovenhuis, H. and J.I. Weller. 1994. Mapping and analysis of dairy cattle quantitative trait
loci by maximum likelihood methodology using milk protein genes as genetic
markers. Genetics 137: 267-280.
Briles, W.E., H.A. Stone, and R.K. Cole. 1977. Marek's disease: effects of B
histocompatibility alloalleles in resistant and susceptible chicken lines. Science 195:
193-195.
Brookes, A.J. 1999. The essence of SNPs. Gene 234: 177-186.
Bryne, P.F. and M.D. McMullen. 1996. Determining Genes for Agricultural Traits: QTL
Analysis and the Candidate Gene Approach. Probe 7: 24-27.
Burt, D.W., C. Bruley, I.C. Dunn, C.T. Jones, A. Ramage, A.S. Law, D.R. Morrice, I.R.
Paton, J. Smith, D. Windsor et al. 1999. The dynamics of chromosome evolution in
birds and mammals. Nature 402: 411-413.
Burt, D.W., N. Bumstead, J.J. Bitgood, F.A. Ponce de Leon, and L.B. Crittenden. 1995.
Chicken genome mapping: a new era in avian genetics. Trends Genet 11: 190-194.
Campbell, E.M., D. Nonneman, and G.A. Rohrer. 2003. Fine mapping a quantitative trait
locus affecting ovulation rate in swine on chromosome 8. J Anim Sci 81: 1706-1714.
Carlson, C.S., T.L. Newman, and D.A. Nickerson. 2001. SNPing in the human genome. Curr
Opin Chem Biol 5: 78-85.
26
CDC. 2005. Salmonella enteritidis.
http://www.cdc.gov/ncidod/dbmd/diseaseinfo/salment_g.htm. October 2005.
Accessed: February 26 2007. Used rate of egg infection.
CDC. 2006. The National Antimicrobial Resistance Monitoring System: Enteric Bacteria.
http://www.cdc.gov/narms/. Accessed: Feb. 27 2007. Used rate of Salmonellosis in
humans.
Cheng, S., M.F. Rothschild, and S.J. Lamont. 1991. Estimates of quantitative genetic
parameters of immunological traits in the chicken. Poult Sci 70: 2023-2027.
Collins, A., C. Lonjou, and N.E. Morton. 1999. Genetic epidemiology of single-nucleotide
polymorphisms. Proc Natl Acad Sci U S A 96: 15173-15177.
Collins, D.W. and T.H. Jukes. 1994. Rates of transition and transversion in coding sequences
since the human-rodent divergence. Genomics 20: 386-396.
Corkish, J.D., R.H. Davies, C. Wray, and R.A. Nicholas. 1994. Observations on a broiler
breeder flock naturally infected with Salmonella enteritidis phage type 4. Vet Rec
134: 591-594.
Darvasi, A. and M. Soller. 1995. Advanced intercross lines, an experimental population for
fine genetic mapping. Genetics 141: 1199-1207.
Darvasi, A. and M. Soller. 1997. A simple method to calculate resolving power and
confidence interval of QTL map location. Behav Genet 27: 125-132.
Davis, G.P. and S.K. DeNise. 1998. The impact of genetic markers on selection. J Anim Sci
76: 2331-2339.
de Haan, G., L.V. Bystrykh, E. Weersing, B. Dontje, H. Geiger, N. Ivanova, I.R. Lemischka,
E. Vellenga, and G. Van Zant. 2002. A genetic and genomic analysis identifies a
cluster of genes associated with hematopoietic cell turnover. Blood 100: 2056-2062.
de Koning, D.J., D. Windsor, P.M. Hocking, D.W. Burt, A. Law, C.S. Haley, A. Morris, J.
Vincent, and H. Griffin. 2003. Quantitative trait locus detection in commercial broiler
lines using candidate regions. J Anim Sci 81: 1158-1165.
Deeb, N. and S.J. Lamont. 2003. Use of a novel outbred by inbred F1 cross to detect genetic
markers for growth. Anim Genet 34: 205-212.
Dekkers, J.C. 2004. Commercial application of marker- and gene-assisted selection in
livestock: strategies and lessons. J Anim Sci 82 E-Suppl: E313-328.
Dekkers, J.C. and F. Hospital. 2002. The use of molecular genetics in the improvement of
agricultural populations. Nat Rev Genet 3: 22-32.
27
Deng, H.W., W.M. Chen, and R.R. Recker. 2000. QTL fine mapping by measuring and
testing for Hardy-Weinberg and linkage disequilibrium at a series of linked marker
loci in extreme samples of populations. Am J Hum Genet 66: 1027-1045.
Devlin, B. and N. Risch. 1995. A comparison of linkage disequilibrium measures for fine-
scale mapping. Genomics 29: 311-322.
Dias de Oliveira, S., F. Siqueira Flores, L.R. dos Santos, and A. Brandelli. 2005.
Antimicrobial resistance in Salmonella enteritidis strains isolated from broiler
carcasses, food, human and poultry-related samples. Int J Food Microbiol 97: 297-
305.
Dietrich, W., H. Katz, S.E. Lincoln, H.S. Shin, J. Friedman, N.C. Dracopoli, and E.S.
Lander. 1992. A genetic map of the mouse suitable for typing intraspecific crosses.
Genetics 131: 423-447.
Doerge, R.W. 2002. Mapping and analysis of quantitative trait loci in experimental
populations. Nat Rev Genet 3: 43-52.
Edwards, M.D. and M.J. Page. 1994. Evaluation of Marker-Assisted Selection Through
Computer Simulation. Theor Appl Genet 88: 376-382.
Ekperigin, H.E. and K.V. Nagaraja. 1998. Microbial food borne pathogens. Salmonella. Vet
Clin North Am Food Anim Pract 14: 17-29.
Epstein, J.R., A.P. Leung, K.H. Lee, and D.R. Walt. 2003. High-density, microsphere-based
fiber optic DNA microarrays. Biosens Bioelectron 18: 541-546.
Esfandiary, H., U. Chakravarthy, C. Patterson, I. Young, and A.E. Hughes. 2005. Association
study of detoxification genes in age related macular degeneration. Br J Ophthalmol
89: 470-474.
Falconer, D.S. and T.F. Mackay. 1996. Introduction to Quantitative Genetics. Longman
Group Ltd, Longman, NY.
Fan, J.B., M.S. Chee, and K.L. Gunderson. 2006. Highly parallel genomic assays. Nat Rev
Genet 7: 632-644.
Fan, J.B., A. Oliphant, R. Shen, B.G. Kermani, F. Garcia, K.L. Gunderson, M. Hansen, F.
Steemers, S.L. Butler, P. Deloukas et al. 2003. Highly Parallel SNP Genotyping. In
Cold Spring Harbor Symposia on Quantitative Biology, pp. 69-78. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.
Farnir, F., W. Coppieters, J.J. Arranz, P. Berzi, N. Cambisano, B. Grisart, L. Karim, F.
Marcq, L. Moreau, M. Mni et al. 2000. Extensive genome-wide linkage
disequilibrium in cattle. Genome Res 10: 220-227.
28
Fernando, R. and M. Grossman. 1989. Marker Assisted Selection Using Best Linear
Unbiased Prediction. Genet Sel Evol 21: 467-477.
Fisher, I.S. 2004. Dramatic shift in the epidemiology of Salmonella enterica serotype
Enteritidis phage types in western Europe, 1998-2003--results from the Enter-net
international salmonella database. Euro Surveill 9: 43-45.
Flint-Garcia, S.A., J.M. Thornsberry, and E.S.t. Buckler. 2003. Structure of linkage
disequilibrium in plants. Annu Rev Plant Biol 54: 357-374.
Gewirtz, A.T. and J.L. Madara. 2001. Periscope, up! Monitoring microbes in the intestine.
Nat Immunol 2: 288-290.
Giannella, R. 1999. Invasion of intestinal mucosa by Salmonella.
http://www.gsbs.utmb.edu/microbook/ch021.htm. Accessed: March 6 2007. Used a
diagram of Salmonella infection.
Girard-Santosuosso, O., P. Menanteau, M. Duchet-Suchaux, F. Berthelot, F. Mompart, J.
Protais, P. Colin, J.F. Guillot, C. Beaumont, and F. Lantier. 1998. Variability in the
resistance of four chicken lines to experimental intravenous infection with Salmonella
enteritidis phage type 4. Avian Dis 42: 462-469.
Gomez, T.M., Y. Molarjemi, M. S., F.K. Kaferstein, and K. Stohr. 1997. Foodbourne
Salmonellosis. World Health Statistics Quarterly 50: 81-89.
Groenen, M.A., H.H. Cheng, N. Bumstead, B.F. Benkel, W.E. Briles, T. Burke, D.W. Burt,
L.B. Crittenden, J. Dodgson, J. Hillel et al. 2000. A consensus linkage map of the
chicken genome. Genome Res 10: 137-147.
Groenen, M.A., R.P. Crooijmans, R.J. Dijkhof, R. Acar, and J.J. van der Poel. 1999.
Extending the chicken-human comparative map by placing 15 genes on the chicken
linkage map. Anim Genet 30: 418-422.
Gross, W.G., P.B. Siegel, R.W. Hall, C.H. Domermuth, and R.T. DuBoise. 1980. Production
and persistence of antibodies in chickens to sheep erythrocytes. 2. Resistance to
infectious diseases. Poult Sci 59: 205-210.
Guard-Petter, J. 2001. The chicken, the egg and Salmonella enteritidis. Environ Microbiol 3:
421-430.
Gunderson, K.L., S. Kruglyak, M.S. Graige, F. Garcia, B.G. Kermani, C. Zhao, D. Che, T.
Dickinson, E. Wickham, J. Bierle et al. 2004. Decoding randomly ordered DNA
arrays. Genome Res 14: 870-877.
Haimovich, B. and M.M. Venkatesan. 2006. Shigella and Salmonella: death as a means of
survival. Microbes Infect 8: 568-577.
29
Haley, C.S. and S.A. Knott. 1992. A simple regression method for mapping quantitative trait
loci in line crosses using flanking markers. Heredity 69: 315-324.
Harmegnies, N., F. Farnir, F. Davin, N. Buys, M. Georges, and W. Coppieters. 2006.
Measuring the extent of linkage disequilibrium in commercial pig populations. Anim
Genet 37: 225-231.
Hasenstein, J.R., G. Zhang, and S.J. Lamont. 2006. Analyses of five gallinacin genes and the
Salmonella enterica serovar Enteritidis response in poultry. Infect Immun 74: 3375-
3380.
Heifetz, E.M., J.E. Fulton, N. O'Sullivan, H. Zhao, J.C. Dekkers, and M. Soller. 2005. Extent
and consistency across generations of linkage disequilibrium in commercial layer
chicken breeding populations. Genetics 171: 1173-1181.
Henzler, D.J., E. Ebel, J. Sanders, D. Kradel, and J. Mason. 1994. Salmonella enteritidis in
eggs from commercial chicken layer flocks implicated in human outbreaks. Avian Dis
38: 37-43.
Henzler, D.J. and H.M. Opitz. 1992. The role of mice in the epizootiology of Salmonella
enteritidis infection on chicken layer farms. Avian Dis 36: 625-631.
Herikstad, H., Y. Motarjemi, and R.V. Tauxe. 2002. Salmonella surveillance: a global survey
of public health serotyping. Epidemiol Infect 129: 1-8.
Hernandez-Valladares, M., J. Naessens, J.P. Gibson, A.J. Musoke, S. Nagda, P. Rihet, O.K.
Ole-MoiYoi, and F.A. Iraqi. 2004a. Confirmation and dissection of QTL controlling
resistance to malaria in mice. Mamm Genome 15: 390-398.
Hernandez-Valladares, M., P. Rihet, O.K. ole-MoiYoi, and F.A. Iraqi. 2004b. Mapping of a
new quantitative trait locus for resistance to malaria in mice by a comparative
mapping approach with human Chromosome 5q31-q33. Immunogenetics 56: 115-
117.
Hill, W.G. and A. Robertson. 1968. The effects of inbreeding at loci with heterozygote
advantage. Genetics 60: 615-628.
Hillier, L.W. W. Miller E. Birney W. Warren R.C. Hardison C.P. Ponting P. Bork D.W. Burt
M.A. Groenen M.E. Delany et al. 2004. Sequence and comparative analysis of the
chicken genome provide unique perspectives on vertebrate evolution. Nature 432:
695-716.
Hinton, M., G.R. Pearson, E.J. Threlfall, B. Rowe, M. Woodward, and C. Wray. 1989.
Experimental Salmonella enteritidis infection in chicks. Vet Rec 124: 223.
30
Hope, B.K., R. Baker, E.D. Edel, A.T. Hogue, W.D. Schlosser, R. Whiting, R.M. McDowell,
and R.A. Morales. 2002. An overview of the Salmonella enteritidis risk assessment
for shell eggs and egg products. Risk Analysis 22: 203-218.
Hu, J., N. Bumstead, P. Barrow, G. Sebastiani, L. Olien, K. Morgan, and D. Malo. 1997.
Resistance to salmonellosis in the chicken is linked to NRAMP1 and TNC. Genome
Res 7: 693-704.
Ilahi, H. and H.N. Kadarmideen. 2004. Bayesian segregation analysis of milk flow in Swiss
dairy cattle using Gibbs sampling. Genet Sel Evol 36: 563-576.
Iraqi, F., S.J. Clapcott, P. Kumari, C.S. Haley, S.J. Kemp, and A.J. Teale. 2000. Fine
mapping of trypanosomiasis resistance loci in murine advanced intercross lines.
Mamm Genome 11: 645-648.
Jagodic, M., K. Becanovic, J.R. Sheng, X. Wu, L. Backdahl, J.C. Lorentzen, E. Wallstrom,
and T. Olsson. 2004. An advanced intercross line resolves Eae18 into two narrow
quantitative trait loci syntenic to multiple sclerosis candidate loci. J Immunol 173:
1366-1373.
Johansson Moller, M., R. Chaudhary, E. Hellmen, B. Hoyheim, B. Chowdhary, and L.
Andersson. 1996. Pigs with the dominant white coat color phenotype carry a
duplication of the KIT gene encoding the mast/stem cell growth factor receptor.
Mamm Genome 7: 822-830.
Johnson, J.M., A. Rajic, and L.M. McMullen. 2005. Antimicrobial resistance of selected
Salmonella isolates from food animals and food in Alberta. Can Vet J 46: 141-146.
Jones, B.D. and S. Falkow. 1996. Salmonellosis: host immune responses and bacterial
virulence determinants. Annu Rev Immunol 14: 533-561.
Jorde, L.B. 2000. Linkage disequilibrium and the search for complex disease genes. Genome
Res 10: 1435-1444.
Kaiser, M.G., N. Deeb, and S.J. Lamont. 2002. Microsatellite markers linked to Salmonella
enterica serovar enteritidis vaccine response in young F1 broiler-cross chicks. Poult
Sci 81: 193-201.
Kaiser, M.G. and S.J. Lamont. 2001. Genetic line differences in survival and pathogen load
in young layer chicks after Salmonella enterica serovar enteritidis exposure. Poult Sci
80: 1105-1108.
Kaiser, M.G., T. Wing, A. Cahaner, and S.J. Lamont. 1997. Line Difference and Heritability
of Early Antibody Response to Salmonella enteritidis Vaccine in Broiler Breeder
Chicks. Proceedings AVIAGEN International Symposium on Current Problems in
Avian Genetics Prague, Czech Republic: 138-139.
31
Kaiser, M.G., T. Wing, and S.J. Lamont. 1998. Effect of genetics, vaccine dosage, and
postvaccination sampling interval on early antibody response to Salmonella
enteritidis vaccine in broiler breeder chicks. Poult Sci 77: 271-275.
Khatib, H., E. Heifetz, and J.C. Dekkers. 2005. Association of the protease inhibitor gene
with production traits in holstein dairy cattle. J Dairy Sci 88: 1208-1213.
Knott, S.A. and C.S. Haley. 1992. Maximum likelihood mapping of quantitative trait loci
using full-sib families. Genetics 132: 1211-1222.
Konfortov, B.A., V.E. Licence, and J.R. Miller. 1999. Re-sequencing of DNA from a diverse
panel of cattle reveals a high level of polymorphism in both intron and exon. Mamm
Genome 10: 1142-1145.
Kramer, J., M. Malek, and S.J. Lamont. 2003. Association of twelve candidate gene
polymorphisms and response to challenge with Salmonella enteritidis in poultry.
Anim Genet 34: 339-348.
Kwok, P.Y. 2001. Methods for genotyping single nucleotide polymorphisms. Annu Rev
Genomics Hum Genet 2: 235-258.
Kwok, P.Y. and X. Chen. 2003. Detection of single nucleotide polymorphisms. Curr Issues
Mol Biol 5: 43-60.
Lalmanach, A.C. and F. Lantier. 1999. Host cytokine response and resistance to Salmonella
infection. Microbes Infect 1: 719-726.
Lamont, S.J. 1998a. The chicken major histocompatibility complex and disease. Rev Sci Tech
17: 128-142.
Lamont, S.J. 1998b. Impact of genetics on disease resistance. Poult Sci 77: 1111-1118.
Lamont, S.J. 2004. New advances in controlling poultry disease. Br Poult Sci 45 Suppl 1:
S11-12.
Lande, R. and R. Thompson. 1990. Efficiency of marker-assisted selection in the
improvement of quantitative traits. Genetics 124: 743-756.
Lander, E.S. and D. Botstein. 1989. Mapping mendelian factors underlying quantitative traits
using RFLP linkage maps. Genetics 121: 185-199.
Lazzeroni, L.C. 2001. A chronology of fine-scale gene mapping by linkage disequilibrium.
Stat Methods Med Res 10: 57-76.
Leon-Velarde, C.G., H.Y. Cai, C. Larkin, P. Bell-Rogers, R.W. Stevens, and J.A. Odumeru.
2004. Evaluation of methods for the identification of Salmonella enterica serotype
Typhimurium DT104 from poultry environmental samples. J Microbiol Methods 58:
79-86.
32
Lewontin, R.C. 1964. The interaction of selection and linkage. I. General considerations;
heterotic models. Genetics: 49-67.
Li, H., N. Deeb, H. Zhou, A.D. Mitchell, C.M. Ashwell, and S.J. Lamont. 2003. Chicken
quantitative trait loci for growth and body composition associated with transforming
growth factor-beta genes. Poult Sci 82: 347-356.
Lincoln, S.E., M. Daly, and E.S. Lander. 1992. Mapping genes controling quantitative traits
with MAPMAKER/QTL 1.1. In Whitehead Institute Technical Report, Cambridge,
MA.
Lindblad-Toh, K. C.M. Wade T.S. Mikkelsen E.K. Karlsson D.B. Jaffe M. Kamal M. Clamp
J.L. Chang E.J. Kulbokas, 3rd M.C. Zody et al. 2005. Genome sequence, comparative
analysis and haplotype structure of the domestic dog. Nature 438: 803-819.
Liu, W., M.G. Kaiser, and S.J. Lamont. 2003. Natural resistance-associated macrophage
protein 1 gene polymorphisms and response to vaccine against or challenge with
Salmonella enteritidis in young chicks. Poult Sci 82: 259-266.
Liu, W. and S.J. Lamont. 2003. Candidate gene approach: potentional association of caspase-
1, inhibitor of apoptosis protein-1, and prosaposin gene polymorphisms with response
to Salmonella enteritidis challenge or vaccination in young chicks. Anim Biotechnol
14: 61-76.
Liu, W., M.M. Miller, and S.J. Lamont. 2002. Association of MHC class I and class II gene
polymorphisms with vaccine or challenge response to Salmonella enteritidis in young
chicks. Immunogenetics 54: 582-590.
Liu, Y., G.B. Jansen, and C.Y. Lin. 2004. Quantitative trait loci mapping for dairy cattle
production traits using a maximum likelihood method. J Dairy Sci 87: 491-500.
Liu, Z. and J.C. Dekkers. 1998. Least squares interval mapping of quantitative trait loci under
the infinitesimal genetic model in outbred populations. Genetics 148: 495-505.
Lonergan, S.M., N. Deeb, C.A. Fedler, and S.J. Lamont. 2003. Breast meat quality and
composition in unique chicken populations. Poult Sci 82: 1990-1994.
Malek, M., J.C. Dekkers, H.K. Lee, T.J. Baas, and M.F. Rothschild. 2001. A molecular
genome scan analysis to identify chromosomal regions influencing economic traits in
the pig. I. Growth and body composition. Mamm Genome 12: 630-636.
Malek, M., J.R. Hasenstein, and S.J. Lamont. 2004. Analysis of chicken TLR4, CD28, MIF,
MD-2, and LITAF genes in a Salmonella enteritidis resource population. Poult Sci
83: 544-549.
33
Malek, M. and S.J. Lamont. 2003. Association of INOS, TRAIL, TGF-beta2, TGF-beta3, and
IgL genes with response to Salmonella enteritidis in poultry. Genet Sel Evol 35 Suppl
1: S99-111.
Mao, C.Z., L. Yang, B.S. Zheng, Y.R. Wu, F.Y. Liu, K.K. Yi, and P. Wu. 2004. Comparative
mapping of QTLs for Al tolerance in rice and identification of positional Al-induced
genes. J Zhejiang Univ Sci 5: 634-643.
Mariani, P., P.A. Barrow, H.H. Cheng, M.M. Groenen, R. Negrini, and N. Bumstead. 2001.
Localization to chicken chromosome 5 of a novel locus determining salmonellosis
resistance. Immunogenetics 53: 786-791.
Masojc, P. 2002. The application of molecular markers in the process of selection. Cell Mol
Biol Lett 7: 499-509.
McAlpine, P.J., T.B. Shows, C. Boucheix, L.C. Stranc, T.G. Berent, A.J. Pakstis, and R.C.
Doute. 1989. Report of the nomenclature committee and the 1989 catalog of mapped
genes. Cytogenet Cell Genet 51: 13-66.
McPeek, M.S. 2000. From mouse to human: fine mapping of quantitative trait loci in a model
organism. Proc Natl Acad Sci U S A 97: 12389-12390.
McRae, A.F., J.C. McEwan, K.G. Dodds, T. Wilson, A.M. Crawford, and J. Slate. 2002.
Linkage disequilibrium in domestic sheep. Genetics 160: 1113-1122.
Mollenhorst, H., C.J. van Woudenbergh, E.G. Bokkers, and I.J. de Boer. 2005. Risk factors
for Salmonella enteritidis infections in laying hens. Poult Sci 84: 1308-1313.
Moreau, L., A. Charcosset, F. Hospital, and A. Gallais. 1998. Marker-assisted selection
efficiency in populations of finite size. Genetics 148: 1353-1365.
Nakamura, M., N. Nagamine, T. Takahashi, S. Suzuki, M. Kijima, Y. Tamura, and S. Sato.
1994. Horizontal transmission of Salmonella enteritidis and effect of stress on
shedding in laying hens. Avian Dis 38: 282-288.
Nakamura, Y., M. Leppert, P. O'Connell, R. Wolff, T. Holm, M. Culver, C. Martin, E.
Fujimoto, M. Hoff, E. Kumlin et al. 1987. Variable number of tandem repeat (VNTR)
markers for human gene mapping. Science 235: 1616-1622.
Nielsen, V.H., C. Bendixen, J. Arnbjerg, C.M. Sorensen, H.E. Jensen, N.M. Shukri, and B.
Thomsen. 2000. Abnormal growth plate function in pigs carrying a dominant
mutation in type X collagen. Mamm Genome 11: 1087-1092.
Nonneman, D.J. and G.A. Rohrer. 2003. Comparative mapping of a region on chromosome
10 containing QTL for reproduction in swine. Anim Genet 34: 42-46.
Nsengimana, J., P. Baret, C.S. Haley, and P.M. Visscher. 2004. Linkage disequilibrium in the
domesticated pig. Genetics 166: 1395-1404.
34
Nuzhdin, S.V., C.L. Dilda, and T.F. Mackay. 1999. The genetic architecture of selection
response. Inferences from fine-scale mapping of bristle number quantitative trait loci
in Drosophila melanogaster. Genetics 153: 1317-1331.
Okamura, M., T. Miyamoto, Y. Kamijima, H. Tani, K. Sasai, and E. Baba. 2001. Differences
in abilities to colonize reproductive organs and to contaminate eggs in intravaginally
inoculated hens and in vitro adherences to vaginal explants between Salmonella
enteritidis and other Salmonella serovars. Avian Dis 45: 962-971.
Oliphant, A., D.L. Barker, J.R. Stuelpnagel, and M.S. Chee. 2002. BeadArray™ Technology:
Enabling an Accurate, Cost-Effective Approach to High-Throughput Genotyping,.
Biotechniques.
Oshiumi, H., K. Shida, R. Goitsuka, Y. Kimura, J. Katoh, S. Ohba, Y. Tamaki, T. Hattori, N.
Yamada, N. Inoue et al. 2005. Regulator of complement activation (RCA) locus in
chicken: identification of chicken RCA gene cluster and functional RCA proteins. J
Immunol 175: 1724-1734.
Papachristou, C. and S. Lin. 2005. Microsatellites versus single-nucleotide polymorphisms in
confidence interval estimation of disease loci. Genet Epidemiol 30: 3-17.
Paterson, A.H., E.S. Lander, J.D. Hewitt, S. Peterson, S.E. Lincoln, and S.D. Tanksley. 1988.
Resolution of quantitative traits into Mendelian factors by using a complete linkage
map of restriction fragment length polymorphisms. Nature 335: 721-726.
Pati, N., V. Schowinsky, O. Kokanovic, V. Magnuson, and S. Ghosh. 2004. A comparison
between SNaPshot, pyrosequencing, and biplex invader SNP genotyping methods:
accuracy, cost, and throughput. J Biochem Biophys Methods 60: 1-12.
Perez-Enciso, M. and L. Varona. 2000. Quantitative trait loci mapping in F(2) crosses
between outbred lines. Genetics 155: 391-405.
Perneger, T.V. 1998. What's wrong with Bonferroni adjustments. Bmj 316: 1236-1238.
Pinard, M.H., L.L. Janss, R. Maatman, J.P. Noordhuizen, and A.J. van der Zijpp. 1993.
Effect of divergent selection for immune responsiveness and of major
histocompatibility complex on resistance to Marek's disease in chickens. Poult Sci
72: 391-402.
Purcell, M.K., J.L. Mu, D.C. Higgins, R. Elango, H. Whitmore, S. Harris, and B. Paigen.
2001. Fine mapping of Ath6, a quantitative trait locus for atherosclerosis in mice.
Mamm Genome 12: 495-500.
Reboul, J., K. Gardiner, D. Monneron, G. Uze, and G. Lutfalla. 1999. Comparative genomic
analysis of the interferon/interleukin-10 receptor gene cluster. Genome Res 9: 242-
250.
35
Rescigno, M., M. Urbano, B. Valzasina, M. Francolini, G. Rotta, R. Bonasio, F. Granucci,
J.P. Kraehenbuhl, and P. Ricciardi-Castagnoli. 2001. Dendritic cells express tight
junction proteins and penetrate gut epithelial monolayers to sample bacteria. Nat
Immunol 2: 361-367.
Rexroad, C.E., 3rd, G.L. Bennett, R.T. Stone, J.W. Keele, S.C. Fahrenkrug, B.A. Freking,
S.M. Kappes, and T.P. Smith. 2001. Comparative mapping of BTA15 and HSA11
including a region containing a QTL for meat tenderness. Mamm Genome 12: 561-
565.
Rodrigue, D.C., R.V. Tauxe, and B. Rowe. 1990. International increase in Salmonella
enteritidis: a new pandemic? Epidemiol Infect 105: 21-27.
Ron, M., M. Band, A. Yanai, and J.I. Weller. 1994. Mapping quantitative trait loci with DNA
microsatellites in a commercial dairy cattle population. Anim Genet 25: 259-264.
Rothschild, M., C. Jacobson, D. Vaske, C. Tuggle, L. Wang, T. Short, G. Eckardt, S. Sasaki,
A. Vincent, D. McLaren et al. 1996. The estrogen receptor locus is associated with a
major gene influencing litter size in pigs. Proc Natl Acad Sci U S A 93: 201-205.
Rothschild, M.F. and M. Soller. 1997. Candidate Gene Analysis to Detect Genes Controlling
Traits of Economic Importance In Domestic Livestock. Probe 8: 13-20.
Sadeyen, J.R., J. Trotereau, P. Velge, J. Marly, C. Beaumont, P.A. Barrow, N. Bumstead, and
A.C. Lalmanach. 2004. Salmonella carrier state in chicken: comparison of expression
of immune response genes between susceptible and resistant animals. Microbes Infect
6: 1278-1286.
Salisbury, B.A., M. Pungliya, J.Y. Choi, R. Jiang, X.J. Sun, and J.C. Stephens. 2003. SNP
and haplotype variation in the human genome. Mutat Res 526: 53-61.
SAS. 2004. SAS/STAT User's Guide. SAS Institute Inc., Cary, N.C.
Seaton, G., C.S. Haley, S.A. Knott, M. Kearsey, and P.M. Visscher. 2002. QTL Express:
mapping quantitative trait loci in simple and complex pedigrees. Bioinformatics 18:
339-340.
Shen, R., J.B. Fan, D. Campbell, W. Chang, J. Chen, D. Doucet, J. Yeakley, M. Bibikova, E.
Wickham Garcia, C. McBride et al. 2005. High-throughput SNP genotyping on
universal bead arrays. Mutat Res 573: 70-82.
Sitnikova, T. and M. Nei. 1998. Evolution of immunoglobulin kappa chain variable region
genes in vertebrates. Mol Biol Evol 15: 50-60.
Smith, E.J. and H.H. Cheng. 1998. Mapping chicken genes using preferential amplification
of specific alleles. Microb Comp Genomics 3: 13-20.
36
Smith, T.P., E. Casas, C.E. Rexroad, 3rd, S.M. Kappes, and J.W. Keele. 2000. Bovine
CAPN1 maps to a region of BTA29 containing a quantitative trait locus for meat
tenderness. J Anim Sci 78: 2589-2594.
Snustad, D.P. and M.J. Simmons. 2000. Principles of Genetics. John Wiley & Sons, New
York, NY.
Soller, M., S. Weigend, M.N. Romanov, J.C. Dekkers, and S.J. Lamont. 2006. Strategies to
assess structural variation in the chicken genome and its associations with
biodiversity and biological performance. Poult Sci 85: 2061-2078.
Storey, J.D. 2002. A direct approach to false discovery rates. J Roy Stat Soc Ser B Meth 64:
479-498.
Storey, J.D. and R. Tibshirani. 2003. Statistical significance for genomewide studies. Proc
Natl Acad Sci U S A 100: 9440-9445.
Thoday, J.M. 1961. Location of Polygenes. Nature 191: 368-370.
Thomas, C.M., P. Vos, M. Zabeau, D.A. Jones, K.A. Norcott, B.P. Chadwick, and J.D. Jones.
1995. Identification of amplified restriction fragment polymorphism (AFLP) markers
tightly linked to the tomato Cf-9 gene for resistance to Cladosporium fulvum. Plant J
8: 785-794.
Thomsen, H., H.K. Lee, M.F. Rothschild, M. Malek, and J.C. Dekkers. 2004.
Characterization of quantitative trait loci for growth and meat quality in a cross
between commercial breeds of swine. J Anim Sci 82: 2213-2228.
Threlfall, E.J. 2002. Antimicrobial drug resistance in Salmonella: problems and perspectives
in food- and water-borne infections. FEMS Microbiol Rev 26: 141-148.
Troendle, J.F. 1996. A permutational step-up method of testing multiple outcomes.
Biometrics 52: 846-859.
USDA. 2006. Egg Industry Facts Sheet. http://www.aeb.org/Industry/Facts/FactsSheet.htm.
April 2006. Accessed: February 26 2007. Information on total egg production used.
Vaarno, J., E. Ylikoski, N.J. Meltola, J.T. Soini, P. Hanninen, R. Lahesmaa, and A.E. Soini.
2004. New separation-free assay technique for SNPs using two-photon excitation
fluorometry. Nucleic Acids Research 32: e108.
van de Giessen, A.W., J.B. Dufrenne, W.S. Ritmeester, P.A. Berkers, W.J. van Leeuwen, and
S.H. Notermans. 1992. The identification of Salmonella enteritidis-infected poultry
flocks associated with an outbreak of human salmonellosis. Epidemiol Infect 109:
405-411.
Varona, L., L. Gomez-Raya, W.M. Rauw, and J.L. Noguera. 2005. A simulation study on the
detection of causal mutations from F2 experiments. J Anim Breed Genet 122: 30-36.
37
Vidal, S.M., D. Malo, K. Vogan, E. Skamene, and P. Gros. 1993. Natural resistance to
infection with intracellular parasites: isolation of a candidate for Bcg. Cell 73: 469-
485.
Vignal, A., D. Milan, M. SanCristobal, and A. Eggen. 2002. A review on SNP and other
types of molecular markers and their use in animal genetics. Genet Sel Evol 34: 275-
305.
Villanueva, B., R. Pong-Wong, and J.A. Woolliams. 2002. Marker assisted selection with
optimised contributions of the candidates to selection. Genet Sel Evol 34: 679-703.
Voetsch, A.C., T.J. Van Gilder, F.J. Angulo, M.M. Farley, S. Shallow, R. Marcus, P.R.
Cieslak, V.C. Deneen, and R.V. Tauxe. 2004. FoodNet estimate of the burden of
illness caused by nontyphoidal Salmonella infections in the United States. Clin Infect
Dis 38 Suppl 3: S127-134.
Wall, J.D. and J.K. Pritchard. 2003. Haplotype blocks and linkage disequilibrium in the
human genome. Nat Rev Genet 4: 587-597.
Wallis, J.W., J. Aerts, M.A. Groenen, R.P. Crooijmans, D. Layman, T.A. Graves, D.E.
Scheer, C. Kremitzki, M.J. Fedele, N.K. Mudd et al. 2004. A physical map of the
chicken genome. Nature 432: 761-764.
Wang, X., I. Le Roy, E. Nicodeme, R. Li, R. Wagner, C. Petros, G.A. Churchill, S. Harris, A.
Darvasi, J. Kirilovsky et al. 2003. Using advanced intercross lines for high-resolution
mapping of HDL cholesterol quantitative trait loci. Genome Res 13: 1654-1664.
Weiss, K.M. and A.G. Clark. 2002. Linkage disequilibrium and the mapping of complex
human traits. Trends Genet 18: 19-24.
Weller, J.I. 2001. Quantitative trait loci analysis in animals. CABI Publishing, New York,
NY.
Westfall, P.H., R.D. Tobias, D. Rom, R.D. Wolfinger, and Y. Hochberg. 1999. Multiple
Comparisons and Multiple Tests Using the SAS System. SAS Institute Inc, Cary, NC.
Whittaker, J.C., R.N. Curnow, C.S. Haley, and R. Thompson. 1995. Using marker-maps in
marker-assisted selection. Genet Res 66: 255-265.
Williams, J.G., A.R. Kubelik, K.J. Livak, J.A. Rafalski, and S.V. Tingey. 1990. DNA
polymorphisms amplified by arbitrary primers are useful as genetic markers. Nucleic
Acids Res 18: 6531-6535.
Wong, G. B. Liu J. Wang Y. Zhang X. Yang Z. Zhang Q. Meng J. Zhou D. Li J. Zhang et al.
2004. A genetic variation map for chicken with 2.8 million single-nucleotide
polymorphisms. Nature 432: 717-722.
38
Woo, P.C., A.M. Fung, S.S. Wong, H.W. Tsoi, and K.Y. Yuen. 2001. Isolation and
characterization of a Salmonella enterica serotype Typhi variant and its clinical and
public health implications. J Clin Microbiol 39: 1190-1194.
Xiao, Y., A.L. Hughes, J. Ando, Y. Matsuda, J.F. Cheng, D. Skinner-Noble, and G. Zhang.
2004. A genome-wide screen identifies a single beta-defensin gene cluster in the
chicken: implications for the origin and evolution of mammalian defensins. BMC
Genomics 5: 56.
Xiong, M. and S.W. Guo. 1997. Fine-scale mapping of quantitative trait loci using historical
recombinations. Genetics 145: 1201-1218.
Yang, Q., J. Cui, I. Chazaro, L.A. Cupples, and S. Demissie. 2005. Power and type I error
rate of false discovery rate approaches in genome-wide association studies. BMC
Genet 6 Suppl 1: S134.
Yilmaz, A., S. Shen, D.L. Adelson, S. Xavier, and J. Zhu. 2005. Annotation of the chicken
IL10 gene cluster and effects of lipopolysaccharide stimulation on IL10 gene
expression. Anim Genet 36: 263-265.
Yokoi, N., S. Shimizu, K. Ishibashi, K. Kitada, H. Iwama, M. Namae, M. Sugawara, T.
Serikawa, and K. Komeda. 2000. Genetic mapping of the rat mutation creeping and
evaluation of its positional candidate gene reelin. Mamm Genome 11: 111-114.
Yrlid, U., M. Svensson, C. Johansson, and M.J. Wick. 2000. Salmonella infection of bone
marrow-derived macrophages and dendritic cells: influence on antigen presentation
and initiating an immune response. FEMS Immunol Med Microbiol 27: 313-320.
Yunis, R., A. Ben-David, E.D. Heller, and A. Cahaner. 2002a. Antibody responses and
morbidity following infection with infectious bronchitis virus and challenge with
Escherichia coli, in lines divergently selected on antibody response. Poult Sci 81:
149-159.
Yunis, R., A. Ben-David, E.D. Heller, and A. Cahaner. 2002b. Genetic and phenotypic
correlations between antibody responses to Escherichia coli, infectious bursa disease
virus (IBDV), and Newcastle disease virus (NDV), in broiler lines selected on
antibody response to Escherichia coli. Poult Sci 81: 302-308.
Zhao, H., D. Nettleton, M. Soller, and J.C. Dekkers. 2005. Evaluation of linkage
disequilibrium measures between multi-allelic markers as predictors of linkage
disequilibrium between markers and QTL. Genet Res 86: 77-87.
Zhou, H., A.J. Buitenhuis, S. Weigend, and S.J. Lamont. 2001. Candidate gene promoter
polymorphisms and antibody response kinetics in chickens: interferon-gamma,
interleukin-2, and immunoglobulin light chain. Poult Sci 80: 1679-1689.
39
Zhou, H. and S.J. Lamont. 1999. Genetic characterization of biodiversity in highly inbred
chicken lines by microsatellite markers. Anim Genet 30: 256-264.
Zhou, H. and S.J. Lamont. 2003. Associations of six candidate genes with antibody response
kinetics in hens. Poult Sci 82: 1118-1126.
40
CHAPTER 2
ANALYSES OF FIVE GALLINACIN GENES AND
SALMONELLA ENTERICA SEROVAR ENTERITIDIS
RESPONSE IN POULTRY
Hasenstein, J.R., G. Zhang, and S.J. Lamont. 2006. Analyses of five gallinacin genes and
the Salmonella enterica serovar Enteritidis response in poultry. Infect Immun 74: 3375-3380.
A manuscript published in Infection and Immunity.
Jason R. Hasenstein1, Guolong Zhang2, and Susan J. Lamont1
Department of Animal Science, Iowa State University, Ames, Iowa 500111,
Department of Animal Science, Oklahoma State University, Stillwater, Oklahoma 740782
ABSTRACT
Gallinacins in poultry are functional equivalents of mammalian beta-defensins, which
constitute an integral component of the innate immune system. Salmonella enterica serovar
Enteritidis is a gram-negative bacterium that negatively affects both human and animal
health. To analyze the association of genetic variations of the gallinacin genes with the
phenotypic response to S. enterica serovar Enteritidis, an F1 population of chickens was
created by crossing four outbred broiler sires to dams of two highly inbred lines. The F1
chicks were evaluated for bacterial colonization after pathogenic S. enterica serovar
Enteritidis inoculation and for circulating antibody levels after inoculation with S. enterica
serovar Enteritidis bacterin vaccine. Five candidate genes were studied, including gallinacins
2, 3, 4, 5, and 7. Gene fragments were sequenced from the founder individuals of the
resource population, and a mean of 13.2 single-nucleotide polymorphisms (SNP) per kilobase
was identified. One allele-defining SNP per gene was utilized to test for statistical
associations of sire alleles with progeny response to S. enterica serovar Enteritidis. Among
the five gallinacin genes evaluated, the Gal3 and Gal7 SNPs in broiler sires were found to be
associated with antibody production after S. enterica serovar Enteritidis vaccination.
Utilization of these SNPs as molecular markers for the response to S. enterica serovar
Enteritidis may result in the enhancement of the immune response in poultry.
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INTRODUCTION
The beta-defensin family, termed gallinacins in poultry, plays a critical role in innate host
defense. Gallinacins are cysteine-rich antimicrobial peptides characterized by six cysteine
residues, which form three pairs of disulfide bridges (Sugiarto and Yu 2004). These are
relatively small antimicrobial peptides, typically less than 100 amino acids in size, which
possess a broad range of antimicrobial activity (Sugiarto and Yu 2004). In chickens,
gallinacins 1 to 13 have been mapped within an 86-kb region of chromosome 3q3.5-q3.7
(Xiao et al. 2004). Each gallinacin gene possesses the same genomic structure of four short
exons that are separated by three introns of various lengths (Xiao et al. 2004).
Gallinacins 1 to 13 are abundant in cells that are involved in the innate immune response
against microbial infections (Ganz 2003; Xiao et al. 2004). These peptides exhibit a wide
range of antimicrobial activity against both gram-positive and gram-negative bacteria (Higgs
et al. 2005). The tissue distribution of the defensin-like peptides in species ranging from
chickens to mammals suggests that gene duplication was followed rapidly by diversification
of function (Ganz 2003). Gal1 and Gal2 are expressed in the lung and bone marrow (Zhao
et al. 2001), whereas Gal3 is expressed in bone marrow, tongue, trachea, and bursa of
Fabricius (Zhao et al. 2001). Gal4-7 exhibit expression mainly in bone marrow cells and
cells of the respiratory tract (Xiao et al. 2004). In contrast, Gal8-13 are not expressed in bone
marrow but are expressed preferentially in liver, kidney, testicle, ovary, and male and female
reproductive tract tissues (Xiao et al. 2004). The tissue-specific expression patterns of the
gallinacin genes allows for grouping of the genes into two separate and distinct groups (Gal1-
7 and Gal8-13). The expression of the gallinacin genes in tissues ranging from bone marrow
to bursa of Fabricius to liver illustrates the important role of the gallinacin genes as a bridge
between the innate and adaptive immune responses in chickens (Zhao et al. 2001).
A major safety aspect of food animal production and processing is the avoidance of
preharvest and postharvest pathogenic contamination of the food chain. Salmonella enterica
serovar Enteritidis belongs to a genus of gram-negative, non-spore-forming, usually motile,
facultative anaerobic bacilli of the family Enterobacteriaceae and is the most common cause
of food poisoning cases in the United States (Rodrigue et al. 1990).
Concerns have been raised over the possible emergence of antibiotic-resistant bacteria
and possible consumption of antibiotic residues by humans due to the subtherapeutic use of
antibiotics to control bacterial diseases such as S. enterica serovar Enteritidis (White et al.
2001). Selective breeding programs allow for allelic selection of genes that may confer an
increased antimicrobial ability without the use of antibiotics (Georges 2001; Windon 1990).
42
Through the improvement of the chicken's innate immune system by molecular genetics, the
dependence on antibiotics to control S. enterica serovar Enteritidis could decrease while
continuing to provide greater protection against bacterial infections.
The candidate gene theory states that a significant proportion of the variation in any given
population is comprised of major candidate genes associated with that trait, and it is possible
to identify those genes (Rothschild and Soller 1997). Research has been conducted on
numerous candidate genes that affect the response to S. enterica serovar Enteritidis by the
host cells, including the genes encoding major histocompatibility complex class I (MHC-I)
and MHC-II, natural resistance-associated macrophage protein 1 (NRAMP1), tenascin C,
transforming growth factor ß2 (TGF-ß2), TGF-ß3, immunoglobulin L, inducible nitric oxide
synthase, Toll-like receptor 4, and MD-2 (Hu et al. 1997; Kramer et al. 2003; Lamont et al.
2002; Liu et al. 2003; Liu et al. 2002; Malek et al. 2004; Malek and Lamont 2003). The
gallinacin genes are eminently suitable for analysis as candidate genes based upon relevant
tissue expression, genomic organization in the chicken genome, and their roles in the innate
immune response.
The objective of this study was to identify and analyze new candidate genes for their
association with the response to Salmonella in poultry. Specifically, gallinacins 2, 3, 4, 5,
and 7 were selected for study, based upon gene size (relatively small intronic regions) and
their roles in the host response to intracellular bacteria (Xiao et al. 2004).
MATERIALS AND METHODS
Experimental animals. The first filial (F1) generation of the Iowa Salmonella response
resource population (ISRRP) of chickens was utilized. The F1 generation was produced in
five hatches through the crossing of four males of an outbred broiler breeder male line
(Kaiser and Lamont 2002) with dams from three highly inbred dam lines with inbreeding
coefficients of 99%: one Fayoumi and two MHC-congenic Leghorn lines (G-B1 and G-B2)
(Zhou and Lamont 1999). By using genetically distant parental lines, the likelihood of
detecting molecular genetic polymorphisms was increased. In addition, the highly inbred
dams contributed the same allele to all offspring, thereby allowing analysis of the sire allele
effects in the F1 generation.
Salmonella pathogenic challenge and quantification of bacterial load. The F1 chicks (n =
194) from three hatches were inoculated intraesophageally (inoculation of 1 x 104
CFU/chick) at 1 day of age with pathogenic S. enterica serovar Enteritidis phage type 13a
(Kaiser and Lamont 2002). Half of the birds were euthanized at 6 days of age, and the
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remaining birds were euthanized at 7 days of age. The S. enterica serovar Enteritidis culture
and quantification procedures were previously described (Kaiser and Lamont 2001).
Salmonella vaccination and antibody measurement. Chicks (n = 314) from two hatches
were injected at 10 days of age with 0.2 ml of commercial bacterin S. enterica serovar
Enteritidis vaccine (Biommune, Lenexa, KS) for antibody response evaluation at 21 days of
age. Vaccination and enzyme-linked immunosorbent assay procedures used to quantify S.
enterica serovar Enteritidis vaccine antibody levels were previously described (Kaiser et al.
2002b; Kaiser et al. 1998).
DNA isolation, PCR, and sequencing. Genomic DNA was prepared from chicken
erythrocytes by using a PUREGENE DNA purification kit (Gentra Systems, Minneapolis,
MN). To characterize each gene, a pair of primers (Table 1) was developed using Primer3
(Rozen and Skaletsky 2000), based on the published genomic DNA sequence found in the
GenBank database.
PCRs were performed using 25-µl reaction mixture volumes that contained 25 ng of
chicken genomic DNA, 0.8 µM of each primer, 200 µM of each deoxynucleoside
triphosphate, 1 unit of Taq DNA polymerase (Promega Corporation, Madison, WI), 2.5 µl of
10x PCR buffer, and 1.5 mM MgCl2. The following cycling conditions were used: an initial
denaturation step at 94°C for 3 min, followed by 39 cycles at 93°C for 45 s, at the optimum
annealing temperature for 30 s (Table 1), and at 72°C for 1 min and a final extension step at
72°C for 10 min.
The PCR products were purified using ExoSAP-IT (Amersham Bioscience, Pittsburgh,
PA) (Werle et al. 1994). An ABI 3730 DNA analyzer (Applied Biosystems, Foster City, CA)
was used for direct sequencing using nucleotide-specific dye terminators. PCR products
were sequenced at the Iowa State University DNA Sequencing and Synthesis Facility.
Polymorphisms and restriction fragment length polymorphism (RFLP) assays. One
genomic DNA sample of broiler, Leghorn G-B1 and G-B2, and Fayoumi chickens was
sequenced in both directions (total of eight sequences) for characterization of gene
polymorphisms. Sequencher software (version 4.2; Gene Codes Corporation, Ann Arbor, MI)
was used for sequence assembly and identification of polymorphisms. Sires that were
heterozygous for the identified single-nucleotide polymorphisms (SNP) were utilized.
Restriction enzyme sites for each gene were identified by using NEBcutter version 2.0
(New England Biolabs, Ipswich, MA). The DNA was digested overnight at 37°C. The
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digested PCR-RFLP products were separated by electrophoresis through a 2.5% agarose gel.
Ethidium bromide staining was utilized for DNA visualization.
Statistical analysis. The association between the sire allele of the F1 chicks of the
heterozygous sire families and the S. enterica serovar Enteritidis bacterial count was
determined through a linear mixed model using the JMP program (Sall and Lehman 2000).
Both the spleen and cecum bacterial count were transformed to their natural logarithms to
achieve a normal distribution of the dependent variables. Model 1 was used to analyze the
combined heterozygous sire families for each candidate gene:
Yijklmnp = µ + sire allelei + sirej + dam linek +
sexl + hatchm + roomn + necropsy dayp + eijklmnp
where Yijklmnp is defined as the response variable from each individual F1 bird (natural
logarithms of spleen or cecal bacterial count). Sire and dam line were taken as fixed effects,
while hatch, room, and necropsy day were considered random effects. Sex, hatch, room, and
necropsy day were all found to be not significant and were excluded from the final analysis.
A linear mixed model was used to estimate the association between the S. enterica
serovar Enteritidis vaccine antibody level and the candidate gene genotype of the F1 chicks of
the heterozygous sire families. Model 2 was used to analyze the combined heterozygous sire
families:
Yijklmn = µ + sire allelei + sirej +
dam linek +sexl + hatchm + platen + eijklmn
where Yijklmn is defined as response variables from each F1 bird, 1 – S/N for antibody level,
where S is the optical density at 630 nm (OD630) of the sample and N is the triplicate means
of the OD630s from the negative controls. Plate effect, which varied among enzyme-linked
immunosorbent assays, was considered a random effect, along with hatch. Sex and hatch
were found to be not significant and were excluded from the final analysis.
RESULTS
SNP detection and rate. In total, 3.25 kb was sequenced in two directions from each of four
individual outbred sires and two representative inbred females. A total of 43 SNPs were
identified within the sequenced regions. This equates to an SNP rate of 13.2 SNPs/kb, much
higher than the previously reported 5 SNPs/kb across the entire chicken genome (Wong et al.
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2004). All SNPs that were selected for analysis were intronic, except for Gal5, which has a
nonsynonymous SNP resulting in an amino acid change of proline to threonine. Intronic
SNPs, while not the causal mutations, can provide excellent markers for genetic selection for
an increased immune response to S. enterica serovar Enteritidis.
Sequence variation and PCR-RFLP analysis. SNPs were identified within gallinacins 2 to
5 and 7. Restriction enzyme-gene combinations of Gal2-HpyCh4IV, Gal3-AvaI, Gal4-AluI,
Gal5-HinfI, and Gal7-MlyI (Table 1) were used in PCR-RFLP tests to monitor the
inheritance of heterozygous sire alleles in the F1 population. Sire 8338 was not heterozygous
for any of the SNPs analyzed.
A SNP in the gallinacin 2 gene was found to be within an intronic region and consisted of
a T-to-C substitution at position 196 of the 583-bp PCR product (GenBank accession no.
AY621317). Only one sire (sire 8170) was heterozygous at this position. PCR-RFLP
digestion of the DNA of F1 offspring of this sire with the enzyme HpyCh4IV resulted in a
fragment of either 583 bp for the allele lacking the HpyCh4IV restriction site or 388 and 195
bp for the allele with the restriction site.
For gallinacin 3, a 664-bp product (GenBank accession no. AY621318) that contained an
intronic T-to-C substitution at position 222 was amplified. Two sires (sires 8170 and 8291)
were heterozygous, and cutting with the restriction enzyme AvaI produced fragment sizes of
443 and 221 bp.
For gallinacin 4, a 600-bp product (GenBank accession no. AY621319) had an A-to-G
substitution SNP within an intron. One broiler sire (sire 8296) was heterozygous at this site.
The AluI restriction enzyme produced fragment sizes of 416 and 184 bp.
Primers designed from gallinacin 5 genomic DNA (GenBank accession no. AY621320)
amplified a 623-bp fragment of the gene (Table 1) with an SNP of C to A within the exonic
sequence. The nonsynonymous SNP produced an amino acid change from proline to
threonine. Two broiler sires (sires 8291 and 8296) were identified as heterozygous for the
SNP. The PCR-RFLP of F1 offspring produced products of 402, 133, and 79 bp from
digestion with HinfI.
A 785-bp product amplified from gallinacin 7 (Table 1) genomic DNA (GenBank
accession no. AY621322), had an A-to-G SNP at position 606. Two sires (sires 8170 and
8291) were heterozygous for the SNP by digestion with the MlyI restriction enzyme.
Association of the gallinacin genes with the S. enterica serovar Enteritidis response. In
the analysis utilizing models 1 and 2 for association with the response to S. enterica serovar
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Enteritidis, the following variables were not significant: sex, hatch, room, necropsy day, and
dam line. Nonsignificant variables were excluded from the models for the final analysis.
The F1 progeny of sires that were heterozygous for each gallinacin gene were genotyped
for the corresponding SNP. The results for the association analysis of gallinacin genes and S.
enterica serovar Enteritidis response for the F1 progeny are summarized in Table 2.
Gallinacin 2 had only a moderate association (P < 0.10) between the Gal2-HpyCh4IV sire
allele and progeny cecum bacterial load (Table 2). There was no association between the
SNP and either spleen bacterial load or S. enterica serovar Enteritidis vaccine antibody
response. The Gal3-AvaI sire allele was associated (P < 0.03) with S. enterica serovar
Enteritidis vaccine antibody response in the F1 progeny (Fig. 1). Gallinacin 5 showed a
moderate association (P < 0.11) between the Gal5-HinfI SNP and the antibody response to a
commercial S. enterica serovar Enteritidis vaccine. Although the gallinacin 7 SNP did not
show an association with bacterial load in either the spleen or cecum, the Gal7-MlyI sire
allele was significantly associated with the antibody response to S. enterica serovar
Enteritidis vaccine (P < 0.02) (Fig. 1). The SNPs analyzed accounted for an estimated 4.1%
of the phenotypic variation in vaccine antibody response. Taken together, this is the first
report, to our knowledge, of associations between the defensin genes gallinacin 3 and 7 and
the response to S. enterica serovar Enteritidis in chickens.
DISCUSSION
With rising concerns over the biosafety of food products, the ability to modulate the
immune response of food animals through genetic selection has become an essential tool
(Lamont 1998b). Through the use of genetic approaches to enhance the innate immune
system, it may be possible to reduce S. enterica serovar Enteritidis infection of poultry,
thereby increasing vaccine efficiency and reducing the dependence on antibiotics.
The five candidate genes selected for investigation in this study encode antimicrobial
peptides that may play an integral role in the innate immune response to gram-negative
bacteria. Because of the lack of a superoxide ion and myleoperoxidase in avian heterophils,
birds rely more upon nonoxidative defense molecules that include lysozymes, cationic
proteins, and peptides such as gallinacins (Harmon 1998). Antimicrobial action is initiated,
in principle, by the binding of the peptide to the bacterial membrane through electrostatic
interactions (Sugiarto and Yu 2004). Upon release, antimicrobial peptides such as gallinacins
permeate the membrane of bacteria, coinciding with the inhibition of RNA, DNA, and protein
synthesis (Ganz 2003). Along with their integral role in innate immunity, gallinacins 2 to 5
and 7 were of particular interest for analysis because of their physical proximity in the
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genome. The gallinacin genes are clustered within an 86-kb distance on the 3q3.5-q3.7
chromosome (Xiao et al. 2004). The location of molecular markers within this cluster could
be useful for marker-assisted genetic selection and positional cloning work. The heritability
of the S. enterica serovar Enteritidis spleen carrier state was estimated to be 0.10 to 0.32
(Girard-Santosuosso et al. 1998) and the heritability in the cecum was 0.06 to 0.20 (Berthelot
et al. 1998), indicating that there is a genetic basis to the carrier phenotype.
Previous studies of the same resource population used in the current study showed
associations of spleen bacterial burden with the genes encoding MD-2, caspase-1, NRAMP1,
inhibitor of apoptosis protein 1, MHC-I, and prosaposin (Lamont et al. 2002; Liu and Lamont
2003; Malek et al. 2004). Significant associations with bacterial load in the chicken cecum
were identified for genes encoding tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), TGF-ß4, caspase-1, and CD-28 (Liu and Lamont 2003; Malek et al. 2004; Malek
and Lamont 2003). Other studies have previously reported associations of genes encoding
caspase-1, CD-28, IgL, and TRAIL and the antibody response to a commercially available S.
enterica serovar Enteritidis vaccine (Liu and Lamont 2003; Malek et al. 2004; Malek and
Lamont 2003). Kramer et al. (Kramer et al. 2003) previously showed that the associations of
these genes with the antibody response to S. enterica serovar Enteritidis were present in
unrelated populations of meat-type chickens (outbred broilers and Dutch Landrace lines);
thus, the gene trait associations that were identified in the F1 populations were robust in
various genetic backgrounds, so the identified SNPs are able to be widely used for marker-
assisted selection.
Leveque et al. (Leveque et al. 2003) conducted a linkage study between a previously
identified candidate gene (gene encoding Toll-like receptor 4) and susceptibility to
Salmonella enterica serovar Typhimurium in chicken. Associations identified in the current
F1 cross utilized in this study supported evidence presented previously by Leveque et al. that
explained some of the phenotypic variances in Salmonella resistance (Leveque et al. 2003).
Tilquin et al. (Tilquin et al. 2005b) used a genome scan for quantitative trait loci (QTL)
affecting the carrier state of birds for Salmonella serovar Typhimurium and Salmonella
serovar Enteritidis and identified two genomewise QTL on chromosome 1 and chromosome
2 along with four other possible QTL. One of the identified QTL (chromosome 1)
overlapped regions of the genome containing a candidate gene (IAP1) that was previously
identified using the F1 cross for associations with S. enterica serovar Enteritidis bacterial
burden. Cumulatively, these studies support the observations made previously by Wigley et
al. (Wigley et al. 2002) regarding the existence of Salmonella-resistant and -susceptible lines
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with dominant genetic factors that are not linked to sex. These studies also reinforce the
ability to identify candidate genes in the current F1 population.
Most of the genes analyzed through candidate gene analysis were responsible for a small
amount of the phenotypic variation, typically 4 to 8% (Kramer et al. 2003). This is not
unexpected, because Salmonella resistance is known to be a polygenic trait. Only SNPs that
are heterozygous in the outbred sires and homozygous in the inbred dams were able to be
utilized for analysis in the F1 generation of the ISRRP population. For each gene analyzed,
therefore, the number of heterozygous sires and genotyped offspring varied, which may be
one reason why the gene SNP-trait associations are not identical among all genes in the
gallinacin cluster, even though the genes are in close proximity. Interestingly, the SNPs in
gallinacins 3 and 7 were not in complete linkage disequilibrium with each other, yet each
gene's SNP, when separately tested, was significantly associated with vaccine antibody
production.
The gallinacin genes have been identified as important members of the innate immune
response of poultry to bacterial infections (Lynn et al. 2004; Sugiarto and Yu 2004; Zhao et
al. 2001). Gallinacins react to the components of the bacterial outer membrane, such as
lipopolysaccharides from gram-negative bacteria (Kagan et al. 1990; Satchell et al. 2003).
The reaction to membrane components induces the production of proinflammatory cytokines
such as tumor necrosis factor alpha, interleukin-1ß, and interleukin-6. The expression level
of Gal3 in the trachea increases significantly upon infection with Haemophilus
paragallinarum (Zhao et al. 2001).
In the current study, chicks were administered S. enterica serovar Enteritidis
intraesophageally to model the natural route of exposure through the gastrointestinal tract. In
our study, moderate associations between Gal2 and Gal5 genes (P values of <0.10 and <0.13,
respectively) and S. enterica serovar Enteritidis bacterial load in either the spleen or the
cecum were detected, whereas Gal3 and Gal7 showed significant associations (P values of
<0.03 and <0.02, respectively) with vaccine antibody response to S. enterica serovar
Enteritidis bacterin (Fig. 1).
The observation of a significant association between S. enterica serovar Enteritidis
vaccine antibody and the gallinacin genes, while there was only moderate association
between the genes and S. enterica serovar Enteritidis bacterial burden, closely follows what is
known about immune protection by beta-defensins. Bar-Shira et al. previously hypothesized
that innate effector mechanisms such as defensins enable immune protection during the first
week after hatching until functional maturation of the adaptive immune system occurs (Bar-
Shira and Friedman 2006). They showed that mRNA levels of Gal1 and Gal2 decreased
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relative to the day of hatching throughout the first week of life and then increased again
during the second week. The samples taken from the ISRRP birds were collected at 7 and 8
days of age, thereby falling within the low expression range of the gallinacin genes.
Although only a moderate association of gallinacin gene polymorphisms with the
bacterial load of the challenged birds was observed at 1 week postchallenge, gallinacins
could be responsible for recognizing the bacteria in the initial stages of infection and inducing
other cells of the immune system, such as dendritic cells, to mature and respond to the
infection at later ages (Bar-Shira and Friedman 2006; Ganz 2003). Defensins may also
increase resistance by enhancing the recruitment of macrophages, granulocytes, and
lymphocytes to the infected tissues (Bar-Shira and Friedman 2006; Welling et al. 1998). The
gallinacins that are expressed in the tongue, trachea, bone marrow, and bursa of Fabricius
(Xiao et al. 2004) may activate the immune response to combat bacterial infection of the bird.
An antibody response would be essential, as it has previously been shown that S. enterica
serovar Enteritidis effectively avoids or suppresses the activation of T cells (Sheela et al.
2003). Based upon the antibody response to an S. enterica serovar Enteritidis vaccine, it
appears that the gallinacin genes help in the transition from an innate immune response to an
adaptive response in the newly hatched birds. The increased antibody levels suggest that
gallinacin genes may be more beneficial to birds exposed to S. enterica serovar Enteritidis
later in life.
The F1 resource population of the present study was created by crossing highly inbred
dams from diverse breeds to commercially outbred sires. One advantage of this cross was the
consistent contribution of identical alleles by each inbred dam line to their offspring. The
cross therefore made it possible to estimate the effect of only the sire SNP allele without any
ambiguity of the inherited allele. However, with the generation of this F1 resource population
from a cross between divergent breeds, substantial linkage disequilibrium exists. Therefore,
it is not possible to determine if the SNPs identified in the current study are causal mutations
or are in linkage with a causal mutation elsewhere in the gallinacin gene cluster. In 2004, the
chicken genome was sequenced and annotated (Hillier et al. 2004) and along with it, an SNP
map consisting of 2.8 million SNPs was created (Wong et al. 2004). This makes it possible
to utilize the locations of known SNPs to fine-map a region of interest in the chicken genome.
To capitalize on advancements in genome information available for poultry, an advanced
intercross population has been produced from the same populations examined in the present
study. In an F8 advanced intercross line, linkage disequilibrium blocks should be reduced by
three- to fivefold compared to the F1 generation (Darvasi and Soller 1995). This facilitates
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the fine-mapping of regions that were previously identified by SNPs that showed an
association with the response to S. enterica serovar Enteritidis challenge in the F1 generation.
In summary, a new chromosomal region with effects on the response to S. enterica
serovar Enteritidis in chickens was characterized in this study. Within this region, the SNPs
in the gallinacin candidate genes could potentially be used in a marker-assisted selection
program to enhance the response to Salmonella. Analysis of the gallinacin genes in the
protective pathways of disease resistance has also opened the possibilities for therapeutic
strategies using endogenous antimicrobial peptides.
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TABLE 1. Primer sequence and PCR-RFLP assay conditions for genotyping SNPs of Gal2-
HpyCH4IV, Gal3-Aval, Gal4-AluI, Gal5-HinfI, and Gal7-MlyI
Gene
(GenBank
accession no.)
Primer sequences
(forward/reverse)
PCR
Product
Size (bp)
PCR
Digested
Sizes (bp)
Annealing
Temp(ºC)/
Time (s) a
Position
(SNP) b
Restriction
Enzyme
Gal2
(AY621217)
5’- GGCACAAAGGGTAAAGTATGG -3’
5’- GAGGGGTCTTCTTGCTGCTGA -3’ 583 388 + 195 55.1/30
196
(T/C) HpyCH4IV
Gal3
(AY621318)
5’- GCACCACAAGAAGCCCAGGAA -3’
5’- AACTCCAGCCCTTACCACTCA -3’ 664 443 + 221 57.3/30
222
(T/C) AvaI
Gal4
(AY621319)
5’- TGGGGATCTTAGAGGTCTTTT -3’
5’- TTTTCCACAGATATTGCTTTT -3’ 600 416 + 184 51.0/30
188
(A/G) AluI
Gal5
(AY621320)
5’- CTCCCAGCAAGAAAGGAACCTG -3’
5’- CACAGTCCTGGGGTAATCCTCG -3’ 623
402 + 133
+ 79 59.0/30
80
(C/A) HinfI
Gal7
(AY621322)
5’- CTCAGTCGGGAGATAACCATTC -3’
5’- GGAGTGCCAGAGAAGCCATTTG -3’ 785 605 + 180 56.1/30
606
(G/A) MlyI
a PCR annealing temperature and time for primers
b SNP location within PCR fragment
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TABLE 2. Associations between sire Gal2, Gal3, Gal4, Gal5, and Gal7 gene polymorphisms and progeny
Salmonella serovar Enteritidis response
P value (no. of F1 progeny) a
Post Challenge Bacterial Load
Gene
Cecum Spleen
Vaccine antibody
response
Gal2 0.10 (65) 0.26 (65) 0.66 (74)
Gal3 0.57 (116) 0.12 (114) 0.03 (84)
Gal4 0.24 (63) 0.45 (63) 0.79 (26)
Gal5 0.45 (126) 0.13 (127) 0.11 (68)
Gal7 0.72 (90) 0.19 (88) 0.02 (79)
a No. of F1 progeny, number of phenotype F1 progeny from sires heterozygous for SNPs evaluated for this
gene.
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FIG. 1. Vaccine antibody level by sire gallinacin allele. Bars indicate gallinacin genes 2 to 5
and 7. 1–s/n1 represents the vaccine response to S. enterica serovar Enteritidis measured
where s is the OD630 of the sample and n1 is the triplicate means of the OD630s of the
negative controls. Allele 1 represents the allele required for restriction endonuclease
digestion. * indicates differences in vaccine antibody levels at a P value of 0.05. Gal3 has
a higher antibody response with allele 1, while Gal7 produces a higher response with allele 2.
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CHICKEN GALLINACIN GENE CLUSTER ASSOCIATED
WITH SALMONELLA RESPONSE IN ADVANCED
INTERCROSS LINE
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salmonella response in advanced intercross line. Avian Dis 51: 561-567.
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SUMMARY
Salmonella enterica serovar Enteritidis is a gram-negative bacterium that negatively
impacts human and animal health. Many eukaryotes use antimicrobial peptides (-defensins,
-defensins, -defensins, and cathelicidins) in innate immune responses to fight bacterial
infections. Poultry gallinacins are the functional equivalents of mammalian -defensins.
Two related advanced intercross lines of chickens were analyzed for association of gallinacin
genotypic variation with Salmonella Enteritidis burden levels in the cecum and spleen after
infection. Thirteen genes of the chicken -defensin cluster (GAL1-13) were sequenced from
individuals of each advanced intercross line, plus the founder broiler sire and representatives
of the highly inbred Leghorn and Fayoumi founder dam lines. The mean was 17 single-
nucleotide polymorphisms (SNPs) per kilobase. One single-nucleotide polymorphism per
gene was genotyped with SNaPshot to test for statistical associations with Salmonella
Enteritidis colonization after challenge. Among the 13 gallinacin genes evaluated, the single-
nucleotide polymorphisms in all genes in a cluster of three adjacent genes (GAL11, GAL12,
and GAL13) were associated with bacterial load in the cecal content in the broiler x Leghorn
advanced intercross line (three-gene SNP genotype effect, P < 0.008). The results strongly
suggest a role of the gallinacins in defense of poultry against enteric pathogens. The use of
Gallinacin single-nucleotide polymorphisms as molecular markers for genetic selection for
Salmonella Enteritidis resistance might result in reduced bacterial burden via development of
an enhanced innate immune response.
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polymerase chain reaction; QTL = quantitative trait loci; RFLP = restriction fragment length
polymorphism; SAP = shrimp alkaline phosphatase; SE = Salmonella Enteritidis; SNP =
single-nucleotide polymorphism
INTRODUCTION
The immune system of the young chicken is immature and unable to provide adequate
protection against bacterial pathogens such as Salmonella enterica serovar Enteritidis (SE)
(Holt et al. 1999). SE is a gram-negative, facultative anaerobic bacillus and has become one
of the most common causes of food poisoning in the United States, with many cases
attributed to improperly prepared animal products (Rodrigue et al. 1990; Schroeder et al.
2005). Food safety has become a major concern of consumers in food animal production and
processing. Included in this new consumer advocacy is the call for reduced use of antibiotics
in preharvest pathogen control because of concerns about the possible consumption of
antibiotic residues and the emergence of antibiotic-resistant bacteria as a result of
subtherapeutic use of antibiotics to control bacteria (White et al. 2001). Genetic selection
programs in food animal populations might allow for reduced use of antibiotics while
offering an increased antimicrobial ability in the animal (Georges 2001; Windon 1990).
The -defensins play a vital role in the innate immune response to bacterial infections. In
chickens, the -defensins are known as gallinacins. Many eukaryotes use antimicrobial
peptides (-defensins, -defensins, -defensins, and cathelicidins) in innate immune
responses to fight bacterial infections. Defensins are a diverse set of peptides less than 100
amino acids long, and contribute to the antimicrobial action of granulocytes in the small
intestine and epithelial host defense (Ganz 2003). Gallinacins are cysteine-rich peptides
characterized by six cysteine residues that form three disulfide bridge pairs (Sugiarto and Yu
2004). The gallinacin peptides possess a broad range of antimicrobial activity (Sugiarto and
Yu 2004). In chickens, each defensin gene has the same genetic structure of four exons
separated by three variable-length introns (Xiao et al. 2004). The gallinacin genes have been
mapped within a 86-kb region of chromosome 3 (Fig. 1) (Xiao et al. 2004), suggesting that
these genes have arisen through gene duplication followed by differentiation, allowing
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various defensins to target different types of bacteria on the basis of unique cell wall and
membrane motifs (Ganz 2003).
Gallinacins 1-13 (GAL1-13) exhibit a wide spectrum of antimicrobial activity across both
gram-negative and gram-positive bacteria and are present in abundance in cells with innate
immune functions (Ganz 2003; Higgs et al. 2005). Antimicrobial peptides, including the -
defensins and cathelicidins, play an integral role in the innate immune response to gram-
negative bacteria in poultry because of the lack of myleoperoxidase and a superoxide ion in
avian heterophils (Harmon 1998; Xiao et al. 2006). Once activated, antimicrobial peptides
such as gallinacins pass through the bacterial membrane and inhibit DNA, RNA, and protein
synthesis (Ganz 2003).
The tissue expression patterns of the chicken gallinacin genes are separated into two
distinct functional groups. In one group, GAL1 and GAL2 are expressed in the lung and bone
marrow (Zhao et al. 2001), GAL3 in bone marrow, tongue, trachea, and the bursa of Fabricius
(Zhao et al. 2001), and GAL4-7 in bone marrow and cells of the respiratory tract (Xiao et al.
2004). In the other group, GAL8-13 are expressed preferentially in the liver, kidney, testicle,
ovary, and other male and female reproductive tract tissues (Xiao et al. 2004). Bar-Shira and
Friedman (2006) showed differentiation between levels of GAL1 and GAL2 within the first
week posthatch in the intestine. GAL1 and GAL2 have a higher level of expression in SE-
resistant birds when compared to susceptible lines (Sadeyen et al. 2006). The expression
changes of gallinacins in the intestine, along with expression in tissues with immune
functions such as the liver, bone marrow, and bursa of Fabricius, suggest that the gallinacins
might be a bridge between the innate and adaptive immune response in chickens (Zhao et al.
2001). This bridge could be important in the immune defense of young birds during early
exposure to SE.
Numerous genes have been associated with host response to SE challenge and host
resistance, including NRAMP1 (Slc11A1), TGF2, IgL, TLR4, MD2, MHC Class I and II,
TGF3, and iNOS (Hu et al. 1997; Kramer et al. 2003; Lamont et al. 2002; Leveque et al.
2003; Liu et al. 2003; Liu et al. 2002; Malek et al. 2004; Malek and Lamont 2003; Mariani et
al. 2001; Vidal et al. 1995). Further studies have identified quantitative trait loci (QTL) in
the regions containing some of the identified candidate genes (eg. NRAMP1). The QTL
showed association with response to susceptibility to Salmonella enterica serovar
Typhimurium in chicken (De Buck et al. 2004; Leveque et al. 2003; Tilquin et al. 2005a;
Wallis and Galyov 2000; Wigley et al. 2002).
The objective of this study was to analyze genetic variation in a cluster of candidate
genes, GAL1-13, for association with bacterial burden after Salmonella challenge in
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chickens. The gallinacin cluster was chosen on the basis of previous identification of roles in
the innate immune response to bacterial infections of genes in this cluster (Brogden et al.
2003; Hasenstein et al. 2006; Higgs et al. 2005). The gallinacin genes in poultry are well
suited for candidate gene analysis because of their genomic organization within the chicken
genome, relevant tissue expression, and their roles in the innate immune response.
MATERIALS AND METHODS
Experimental animals, Salmonella challenge, and bacteriology. Two related
advanced intercross lines (AILs) were established: one broiler x Fayoumi (Br x Fay AIL) and
one broiler x Leghorn (Br x Leg AIL). The lines were created by breeding one outbred
broiler sire to dams from highly inbred Leghorn and Fayoumi lines. Each cross was
maintained as a separate population and intercrossed within line until the F8 generation was
established. A total of 65 birds were studied in the F8 Br x Leg AIL and 68 birds in the F8 Br
x Fay AIL. All Salmonella challenge and bacteriology procedures followed the protocol
described by Kaiser and Lamont (2001). SE colonization was analyzed in both the cecum
and spleen because they are representative enteric and visceral organs possessing
independent responses to bacterial challenge.
DNA isolation, polymerase chain reaction (PCR), and single-nucleotide
polymorphism (SNP) identification. Genomic DNA was extracted from chicken
erythrocytes using a PUREGENE® DNA purification kit (Gentra Systems, Minneapolis,
MN). For SNP discovery, a pair of primers was developed for each gene (Table 1) with the
use of Primer3 and the genomic DNA sequence in GenBank and the UCSC Chicken Genome
Browser (Rozen and Skaletsky 2000; Xiao et al. 2004).
PCR reactions were conducted in 25 µl reaction volumes consisting of the following: 25
ng of chicken genomic DNA, 2.5 µl of 10x PCR reaction buffer, 200 µM of each dNTP, 1.5
mM MgCl2, 0.8 µM each primer, and 1 unit of Taq DNA polymerase (Promega Corporation,
Madison, WI). The following PCR cycling conditions were used: initial denaturation for 3
min at 94 C, followed by 39 cycles at 93 C for 45 sec, optimum annealing temperature (Table
1) for 30 sec, 72 C for 35 sec, and a final extension step at 72 C for 10 min.
PCR products were purified with ExoSAP-IT (USB Corporation, Cleveland, OH) (Werle
et al. 1994). Two-directional sequences were obtained from six PCR samples on the one
parental sire and two representatives of each inbred line split among lines (total n = 12
sequences) for each gene using nucleotide-specific dye terminators on an ABI 3730 DNA
analyzer (Applied Biosystems, Foster City, CA). PCR products were sequenced at the Iowa
State University DNA Sequencing and Synthesis Facility. Sequencher (Gene Codes
61
Corporation, version 4.2, Ann Arbor, MI) and BioEdit software (Ibis Therapeutics, version
7.03, Carlsbad, CA) were used for sequence alignment and identification of polymorphisms
(Tippmann 2004).
SNaPshot extension primer design and multiplex SNaPshot reactions. Primers were
designed to amplify across one intronic SNP for each of the 13 gallinacin genes (Table 1).
Gene products were multiplexed by altering the lengths of the extension primers. Reactions
were set up according to manufacturer’s recommendations using an ABI PRISM® SNaPshot
Multiplex Kit (Applied Biosystems, Foster City, CA). PCR products from gallinacin genes
were combined into three pooled samples (Set 1: GAL 6, GAL11, GAL12, and GAL13. Set 2:
GAL2, GAL4, GAL7, and GAL8. Set 3: GAL1, GAL3, GAL5, GAL9, and GAL10). Five
microliters of pooled PCR product was combined with 2 µl ExoSAP-IT (Amersham
Bioscience, Pittsburgh, PA) and incubated at 37 C for 15 min followed by 80 C for 15 min
(Werle et al. 1994). Following ExoSAP-IT treatment, 1.5 µl of digested pooled PCR product
was combined with 2.5 µl SNaPshot Multiplex Ready Reaction Mix, 0.5 µl of 2.0 µM primer,
and 0.5 µl of dH2O. The following cycling conditions were used: 25 cycles of 96 C for 10
sec, 50 C for 5 sec, and 60 C for 30 sec, followed by a rapid thermal ramp to 4 C until
postextension treatment. When completed, 0.5 U of shrimp alkaline phosphatase (SAP) was
added, and the mixture was incubated at 37 C for 1 hr to digest unincorporated
dideoxynucleoside triphosphates (ddNTPs). SAP was deactivated by incubation at 75 C for
15 min after treatment.
Genotyping SNaPshot products. SNaPshot products (0.5 µl) and 0.5 µl of GeneScanTM
120 LIZTM size standards were combined with 9 µl of HI-Di formamide (Applied
Biosystems, Foster City, CA) into each tube. Samples were denatured at 95 C for 5 min, and
then loaded onto an ABI PRISM 3100 genetic analyzer. Samples were run at the Iowa State
University DNA Sequencing and Synthesis Facility. SNP alleles were called with
GeneScan® version 3.0 (Applied Biosystems, Foster City, CA).
Statistical analysis. Association between each gallinacin gene SNP (or the three-gene
SNP genotype analysis of GAL11, GAL12 and GAL13 combined) in the F8 AIL birds and the
SE bacterial count was determined through a linear mixed model with the use of the JMP
program (Sall and Lehman 2000). The cecum content and spleen tissue bacterial counts were
transformed to natural logarithms to achieve a normal distribution of the dependant variables,
model: Yijklmnpq = µ + Gene Allelei + Sexj + Necropsy Dayk + Body Weightl + Sirem +
Dam(Sire)n + Roomp + Hatchq + Hatch*Roompq + Gene Allele*Sexij + eijklmnpq, where Yijklmnpq
is defined as the response variable from each individual F8 bird. Sex, Necropsy Day, and
Body Weight were taken as fixed effects, whereas Sire, Dam(Sire), Room, and Hatch were
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considered random effects. Each line (Br x Leg AIL and Br x Fay AIL) was analyzed
separately.
RESULTS
SNP detection and rate. In total, 6.4 kb in the gallinacin cluster was sequenced in two
directions for six F8 chicks (three from each AIL), the F0 outbred broiler sire, and one
representative F0 inbred for each line. A total of 109 SNPs were identified. SNPs used for
SNaPshot were verified on the F0 sire and one representative F0 inbred dam for each line.
Two of the 13 SNPs selected for genotyping of the whole population were transversions (C/G
and C/A), whereas the remaining 11 SNPs were transitions (A/G and C/T). All of the SNPs
tested in this study were intronic SNPs.
Sequence variation and SNaPshot analysis. In total, 65 birds from the Br x Leg AIL
and 68 from the Br x Fay AIL were genotyped for one intronic SNP in each of the 13
gallinacin genes within the -defensin cluster. Of the 13 SNPs selected for use, three were
homozygous (GAL2, GAL7, and GAL10) in the Br x Leg AIL (Table 2). The remaining 10
gallinacin genes were genotyped and statistically analyzed for association with Salmonella
burden. In the Br x Fay AIL, all 13 SNPs were segregating, and were genotyped, and
analyzed statistically for association with Salmonella burden.
Association of the Gallinacin genes with SE response. The mean natural log of the
cecum bacterial burden was 19.47 ± 0.09 for the Br x Leg birds and 19.42 ± 0.11 for the Br x
Fay birds. The mean natural log of the spleen bacterial burden was 20.67 ± 0.08 for the Br x
Leg line and 20.97 ± 0.09 for the Br x Fay line. For both AIL, Necropsy Day was
significantly associated with bacterial burden, with higher level of SE bacterial burden on
day 7 than 8 (natural log-transformed mean of bacterial burden was 21.11 on day 7, 20.28 on
day 8). Sex, Body Weight, Sire, Dam(Sire), Room, Hatch, Hatch*Room, and Gene
Allele*Sex were all not significantly associated with the phenotypic trait and were therefore
excluded from the final analysis.
The most prevalent association of gallinacin genes with SE response was with bacterial
burden in the cecal content (Table 2). Four gallinacins were significantly associated with
cecal content bacterial burden (GAL3, GAL11, GAL12 and GAL13 in Br x Leg AIL).
Additionally, one gallinacin gene (GAL5 in Br x Fay AIL) was significantly associated with
spleen bacterial burden. Each significant SNP accounted for 3% to 5% of the phenotypic
variance of the bacterial burden. The significant associations should be considered within the
context of each line by tissue combination, for which there were 10 (Br x Leg AIL) or 13
statistical tests (Br x Fay AIL) conducted. A single instance of significance in a line-tissue
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combination is possibly a false positive. There is, however, very strong evidence for
gallinacin SNP effect on enteric colonization, with four of 10 tests being significant at P <
0.05 in the cecal content of the Br x Leg AIL.
GAL 11, 12, and 13 are adjacent genes. Of the 27 possible genotype combinations of the
SNPs at the three loci, only five and six genotypes were identified in the F8 birds of the Br x
Fay, and Br x Leg, respectively. The use of the highly inbred lines for the female side of the
formation of each cross allowed the unequivocal assignment of the single haplotype
contributed by each inbred. Given the genotypes detected in the F8 birds and the haplotypes
of the inbred founder dams, the most likely haplotypes of the broiler sire for the SNPs at
GAL11, GAL12 and GAL13 were deduced to be TGA and CAG. These two broiler
haplotypes and the two inbred haplotypes, with no recombination, can explain over one half
of the genotypes detected in the F8 birds; and all the other F8 genotypes can be explained by a
single crossover event in one chromosome. Association analysis of the genotypes of this
three-gene region had a very strong (P < 0.008) association of genotype with cecal content
SE burden in the Br x Leg AIL, the same line-tissue combination for which the three
individual gene SNPs were also associated. In general, the genotypes that were most
resistant to SE colonization in the cecum (Table 3) were those that had the greatest similarity
to the haplotypes that was unique to the broiler (TGA).
GAL1, 2, 4, 7, 8, 9, and 10 had no association with either spleen or cecum bacterial
burden in either AIL, although several (GAL1, 2, 4, 7, and 10) had associations that were
approaching significant levels for bacterial burden in the Br x Fay AIL spleens.
DISCUSSION
The ability to modify the immune response of food animals through genetic selection is a
necessary tool to address rising concerns over the biosafety of food products (Lamont
1998b). Antibiotics given to animals that are closely related to the drugs used in human
medicine could exert a selective pressure on their target bacteria and generate a reservoir of
antimicrobial-resistant bacteria (Dias de Oliveira et al. 2005). Through genetic host
modulation, it might be possible to enhance the poultry innate immune system’s response to
SE infection, thereby reducing dependence on administered antibiotics, enhancing vaccine
efficacy, or both. The gallinacin genes are of particular interest due in part because of their
role in the innate immune system as well as their correlations with previously identified
genes (TLR4) involved in SE resistance (Harmon 1998; Malek et al. 2004; Sadeyen et al.
2006).
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For successful implementation of genetic selection, the trait must have a significant
genetic component. The heritability of SE burden in the spleen (0.10-0.32) and the cecum
(0.06-0.20) demonstrate genetic control of the traits (Berthelot et al. 1998; Girard-
Santosuosso et al. 1998). Analysis of a previous generation (F1) and the current F8
generation yielded very similar estimates (4%-8% and 3%-5%, respectively) of the effect of
individual genes on Salmonella response (Hasenstein et al. 2006; Liu et al. 2003; Liu and
Lamont 2003; Liu et al. 2002; Malek et al. 2004; Malek and Lamont 2003). This small effect
of individual genes is not unexpected because of the polygenic nature of Salmonella
resistance (Sant'Anna et al. 1982).
The gallinacin alleles in this study were from three breed sources. One outbred broiler
sire was represented in both AILs. Inbred dams (Fayoumi or Leghorn) were unique to the
foundation of each AIL. The Br x Leg AIL birds had four gallinacin genes associated with
SE burden in the cecum, whereas the Br x Fay AIL birds had one gene associated with SE
burden in the spleen (Fig. 1). The Fayoumi breed was initially imported to the US for study
because of its high resistance to lymphoid leukosis syndrome, now understood as being
caused by two separate viruses: avian leukosis virus and Marek’s disease virus (Abplanalp
1992). The unique inbred lines used to mate with the broiler line in the initiation of the two
resource populations could be one reason why the detected gene SNP trait associations differ
between lines.
The major finding of this study was the association of all three genes in the GAL11-13
subregion with bacterial burden in the cecal content of the Br x Leg birds. Because the SNPs
in this study were intronic, they are likely markers in linkage with another, causal SNP. This
finding suggests the presence of a causal mutation located in the genomic region containing
the GAL11-13 genes.
With the sequencing of the chicken genome (Hillier et al. 2004) and subsequent
identification of over 2.8 million SNPs (Wong et al. 2004), simultaneous genotyping of
multiple candidate genes is desirable. The SNaPshot technology provides a scalable-
throughput SNP typing system that can be modified to genotype two to 14 genes in one
reaction with the use of primer extension and fluorescently labeled ddNTPs (Turner et al.
2002). Primer extension is highly flexible and requires a small number of additional primers
(one per SNP) in order to genotype the SNPs of interest (Kwok 2001). SNaPshot, although
requiring care to optimize conditions for multiple single-base pair extension primers,
provides a larger number of usable SNPs than PCR-restriction fragment length
polymorphism (RFLP) candidate gene tests (Kwok 2001), because SNP selection in
SNaPshot is not limited to the availability of a restriction endonuclease cut site.
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The observed SNP rate of 17 per kilobase is more than threefold higher than the genome-
average five SNPs per kilobase (Wong et al. 2004). A relatively high SNP rate, as observed
in the current study, has been documented in immune-related genes in other organisms
(Hughes et al. 2005).
Five of the gallinacin genes (GAL 2-5, 7) analyzed in the F8 advanced intercross
generation in the current study were previously studied in an F1 generation produced from the
same founder lines as this F8 population with the use of PCR-RFLP on different SNPs
(Hasenstein et al. 2006). Associations in the F1 generation were detected between GAL3 and
GAL7 SNPs with SE vaccine antibody response, but not with bacterial burdens after
challenge (Hasenstein et al. 2006). The differences between studies may be attributed to the
different SNPs analyzed, the large blocks of linkage disequilibrium that would be present in
an F1 population, or the recombination of haplotypes in formation of an F8 population. New
SNPs were selected for analysis in the F8 generation because the F1 SNPs yielded SNaPshot
primers with multiple hairpins that caused the SNaPshot reaction to fail. All of the SNPs
used in the current study were within introns of the gallinacin genes. Intronic SNPs,
although likely not the causal mutations, can provide excellent markers for genetic selection
for increased immune response to SE.
Candidate gene analysis is typically applied to resource populations (F2 cross or
backcross) derived from mating widely separated populations, which leads to large expanses
of linkage disequilibrium across the chromosomes. This limits the ability to accurately
localize the locus controlling the trait of interest. Therefore, an AIL was generated by
intercrossing birds within lines for eight generations, avoiding full-sib matings. An advanced
intercross can provide a three- to fivefold reduction in the confidence interval of a
quantitative trait locus map location (Darvasi and Soller 1995). The reduction in linkage
disequilibrium in the AIL provides greater certainty that the SNP and the operant mutation
are closely linked, so that marker-assisted selection on the SNP will have a persistent effect
on the bacterial burden over multiple generations.
Genes in close proximity to each other are expected to be maintained in haplotypes.
Knowing the haplotypes of the F0 dams and using a single broiler founder sire allowed the
identification of recombinants in the gallinacin cluster from the F8 genotypes. The F8
genotype data support the presence of two recombination hotspots within the gallinacin
cluster, between GAL11 and GAL10 and between GAL1 and GAL3. Areas of high
recombination are of interest due to their effect on linkage mapping and marker-assisted
selection breeding programs. Such recombination hot spots have been previously identified
in humans and cattle (Altshuler et al. 2005; Li and Stephens 2003; Stumpf and Goldstein
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2003). Being both subtelomeric (located 3 Mb from the end of chicken chromosome 3) and a
duplicated gene family, the gallinacin cluster could be a representative of chromosomal
recombination hot spots. The subtelomeric regions of the human and dog are potential
recombination hotspots (Linardopoulou et al. 2005), and such regions also lead to gene
duplication, as is seen in the gallinacins. Delany et al. (2003) reported that the chicken
possessed far larger telomeres than humans.
With the use of novel AIL resource populations, this study presented strong evidence for
the association of genetic variation in the GAL11, GAL12, GAL13 subregion of the chicken
gallinacin gene cluster with SE colonization in the cecum. Although the studied SNPs are
not likely to be operant mutations, the multiple associations in this region support an
important role of gallinacins in reducing bacterial burden in poultry. The gallinacin SNPs
could potentially be used in marker-assisted selection to enhance the innate immune response
of poultry to SE. This study also supports the possibilities for therapeutic strategies with
endogenous antimicrobial peptides, such as the gallinacins, naturally found in the organism’s
own protective pathways for disease resistance.
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Table 2. Gallinacin gene polymorphism association with postchallenge bacterial burden in chickens. Bold
entries are significant at P  0.05. A
P value
Br x Leg AIL bacterial load Br x Fay AIL bacterial load
Gene Cecum Spleen Cecum Spleen
GAL13 0.05 NS NS NS
GAL12 0.02 NS NS NS
GAL11 0.01 NS NS NS 
GAL10 – – NS 0.15
GAL9 NS NS NS NS
GAL8 NS NS NS 0.19
GAL7 – – NS 0.12
GAL6 NS NS NS NS
GAL2 – – NS 0.15
GAL1 NS NS NS 0.14
GAL3 0.04 NS NS 0.16
GAL5 NS NS NS 0.04
GAL4 NS NS NS 0.18
A
– = Not analyzed because SNP was homozygous in this AIL.
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Table 3. Genotype effect of GAL13, 12, and 11 combined on bacterial burden in cecal content of Br x Leg AIL.
Genotype
(GAL13, 12, 11)
No. of
individuals
Mean SE
burden A
Tukey
association B
CC AA AG 7 20.37 A
CC AG GG 4 20.33 AB
CC AA GG 6 20.23 AB 
TT GG AA 27 19.58 BC
CC AG AG 17 19.25 C
TT GG AG 4 18.78 C
A Natural log of bacterial burden present within the cecum of challenged Br x Leg birds.
B Levels without the same letter are significantly different (P<0.05).
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A)
3q3.5 3q3.6 3q3.7
Chromosome 3
Gal 12 Gal 11 Gal 10Gal 13 Gal 8 Gal 6 Gal 5 Gal 4Gal 2 Gal 1 Gal 3Gal 9 Gal 7
C)
B)
Gal 10 Gal 13 Gal 8Gal 11 Gal 12 Gal 4 Gal 9 Gal 7Gal 2 Gal 1 Gal 3Gal 6 Gal 5
Fig. 1. Gallinacin genome organization and SE bacterial burden associations. (A)
Cytologic banding pattern, (B) gallinacin gene organization and direction. Upper gene
nomenclature based upon Higgs et al. (2005); lower gene nomenclature based on Xiao et
al. (2004); the latter nomenclature is used throughout the manuscript. (C) Arrows
indicate significant gene-specific SNP associations with SE bacterial burdens (P  0.05).
Open arrows are Br x Leg AIL cecal content associations; solid arrow is Br x Fay AIL
spleen associations.
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CHAPTER 4
LINKAGE DISEQUILIBRIUM LEVELS IN TWO F2 AND
TWO ADVANCED INTERCROSS POPULATIONS
A manuscript in preparation for submission to Genome Research
J.R. Hasenstein, J.C.M. Dekkers, and S.J. Lamont
Department of Animal Science and Center for Integrated Animal Genomics,
Iowa State University, Ames, IA 50011
ABSTRACT
Linkage disequilibrium (LD), the condition in which haplotype frequencies in a
population deviate from values expected with independence of loci, can accumulate as a
result of drift, migration, mutation, and selection, and is eroded by recombination. This
study evaluated LD over 500 segregating SNP markers in two F2 and two F8 advanced
intercross line (AIL) populations and presents results for three sets of chromosomes
(grouped by size), which allowed us to test the effects of different factors (population by
generation subgroup, chromosome size, and genetic distance) and their interactions. The
F2 and F8 populations were generated from crosses of the same founder lines of chickens.
LD in the F2 and F8 populations were observed at high levels (D’ and r2 values of  0.5)
at less than 2 Mb, and rapidly decreased with increasing distance between markers, with
moderate D’ and r2 values (0.3) between markers at distances as high as 5-7 Mb. The
majority of differences in LD between SNPs between F2 and F8 birds were explained by
genetic distance (p-value < 0.0001) and population by generation subgroup (p-value <
0.0001). Much higher LD was seen in the F2 populations than the F8 AILs for markers >
3 Mb apart. The level and rate of decline of LD with distance was more rapid in both F8
populations than in the F2 populations. Results show that biallelic SNPs are useful
markers for measuring levels of LD using D’ and r2.
Key words: Linkage Disequilibrium, Advanced Intercross, Poultry
INTRODUCTION
Linkage disequilibrium (LD) is the condition in which alleles at two loci are co-
inherited at a higher rate than would be expected based upon allele frequencies. LD can
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be created by drift, migration, mutation, crossing, and selection (Harmegnies et al. 2006).
Previous studies suggest that LD will be greater in most livestock animal populations
than in most human populations, because of the commonality in farmed populations of
forces such as selection and small effective population sizes (Haley 1999; McRae et al.
2002). LD decreases over time due to naturally occurring recombination events
(Falconer and Mackay 1996) but is continuously recreated in populations of small
effective size as a result of drift (Terwilliger et al. 1998). Low LD can greatly impact the
effectiveness of marker-assisted selection, quantitative trait loci (QTL) mapping, and
candidate gene selection (Hasenstein et al. 2006; Lande and Thompson 1990; Terwilliger
and Weiss 1998; Zhao et al. 2005).
With the ongoing production of genome-wide high-density SNP maps in organisms
ranging from humans to chickens (Belmont and Gibbs 2004; McVean et al. 2005; Wong
et al. 2004), new technologies in molecular genetics aim to isolate and identify DNA
markers linked to genes important for disease resistance and other economic traits.
Linkage disequilibrium may be exploited to help identify and fine map QTL and genes
associated with such traits (Farnir et al. 2000; Haley 1999; McRae et al. 2002; Terwilliger
and Weiss 1998). The presence of LD has the potential to position a QTL or candidate
gene associated with a trait to a small region of the chromosome, provided that the region
is in LD and this LD decreases as a function of distance between the marker and the gene
(McRae et al. 2002).
In the absence of selection, drift, mutation, and migration, loci eventually attain a state
of linkage equilibrium. Population admixture and selective mating can strongly increase
the levels of LD present within a population (Haley 1999; Wilson and Goldstein 2000).
Crossing individuals from genetically distinct populations results in the combining of
chromosomes of different ancestry and allele frequencies, which creates LD that extends
across great distances (Flint-Garcia et al. 2003; Wilson and Goldstein 2000). LD is
subsequently reduced by recombinational events. Population size often plays a strong
role in the creation of LD in a population, due to the effects of random genetic drift.
Only a random number of allelic combinations are passed onto future generations, which
may lead to substantial LD (Haley 1999). Selection, a common practice in animal
breeding programs, can create LD between the selected allele at a locus and alleles at
linked loci (Farnir et al. 2000). Therefore, LD is a population-specific characteristic, and
quantification and comparison of LD among populations is needed.
Numerous methods exist for measuring the amount of LD in a population (Devlin and
Risch 1995; Morton et al. 2001). The two most common for biallelic markers are D’ and
r
2 (Devlin and Risch 1995; Hill and Robertson 1968; Lewontin 1988; Wall and Pritchard
78
2003; Zhao et al. 2005). D’ represents a scaled version of |D|, spanning a range from 0 to
1. D’ takes into account differences in allelic frequencies which would otherwise make
comparisons of |D| meaningless (Harmegnies et al. 2006). Using multi-allelic markers,
extensive levels of LD, measured as D’, have been observed in dairy cattle, sheep, and
pigs (Farnir et al. 2000; McRae et al. 2002; Nsengimana et al. 2004).
Marker-trait association studies for livestock have typically been performed on either F2
crosses or backcrosses. These crosses create a large amount of LD, which facilitates the
identification of QTL (Falconer and Mackay 1996) but results in large confidence
intervals for estimates of QTL position. For plants and animal species with short
generation cycles, additional reductions in LD may be obtained through advanced
intercross lines (AIL) or recombinant inbred lines (Darvasi and Soller 1995). These
populations take advantage of increased recombinational events to reduce the extent of
LD, which is theorized to be as much as a three- to five-fold reduction from the F2 to the
F10 generation of an AIL (Darvasi and Soller 1995). While many studies have been
conducted using AILs on model organisms such as mice (Iraqi 2000; Iraqi et al. 2000;
Peirce et al. 2004; Wang et al. 2003a; Wang et al. 2003b), livestock species have only
been utilized to examine the possible reduction in QTL confidence intervals (Geverink et
al. 2006; Jennen et al. 2005; Lonergan et al. 2003).
The purpose of this study was to examine the extent of marker-marker LD in two
advanced intercross lines of chickens and to contrast this with their counterpart F2
population. The AIL were created through the intercrossing of offspring generated from
a novel cross between genetically distant, highly inbred dams and an outbred commercial
broiler. By comparing the F2 and F8 generations, this study enables an assessment of the
actual reduction in LD through the use of an AIL breeding system and a comparison to
theoretical LD reductions. This study provides a basis for determining whether AIL
mating systems provide feasible reductions in the presence and extent of LD for
candidate gene selection in disease association studies and high-density SNP LD
mapping projects.
RESULTS
In total, 2733 SNP markers were genotyped. The number of markers was 1442 for
the individual macrochromosomes (Chr. 1-5), 484 for the intermediate size chromosomes
(Chr. 6-10), and 1146 in total for the microchromosomes (Chr. 11-15, 17-21, 24-28).
Chr. 16, 22-23, 29-38, and the sex chromosomes were not analyzed due to low to no
SNPs present on the chromosomes. Markers with a minor allele frequency (MAF)
greater than 0.05 within each population were selected for analysis (n=1045). Haploview
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(Barrett et al. 2005) was used to test for Hardy Weinberg equilibrium in the four
population by generation subgroups (F2 Broiler (Br) x Leghorn (Leg), F2 Br x Fayoumi
(Fay) , F8 Br x Leg AIL, and F8 Br x Fay AIL). Of the averaged 505 SNPs genotyped
markers with a MAF>0.05, 28 (5.3%) significantly deviated from Hardy Weinberg
equilibrium at a p-value of <0.05 within each population by generation subgroup (data
not shown), approximately the frequency expected by chance. SNPs that were fixed for
opposite alleles in the founding sire and inbred dam lines were utilized. A total of 508
SNPs in the Br x Leg AIL and 502 SNPs in the Br x Fay AIL were used in this study.
The LD measures D’ and r2 were estimated between all pairs of markers on each
chromosome within each population by generation subgroup. For each of the 25
chromosomes examined, values of D’ and r2 were at or near 1.0 at a genetic map distance
of zero cM and declined as distance increased. Measurable D’ and r2 values extended
along the entire length of all the chromosomes, and typically stabilized at distances
greater than 15 Mb (Fig. 1). In the F2 populations, r2 plateaued at large distances at an
average value of 0.10 for macrochromosomes, 0.11 for intermediate chromosomes, and
0.14 for microchromosomes. In the F8 populations, r2 stabilized at a nonzero average of
0.040 for macrochromosomes, 0.025 for intermediate chromosomes, and 0.05 for
microchromosomes. In this study, we used and present both D’ and r2 in order to show
the overestimation of LD by D’ when utilizing biallelic markers. This upward bias is
demonstrated by the upward shift of data points when D’ is plotted against r2 (Fig. 2).
Values of r2 greater than 0.6 were considered as highly significant and values between
0.35 and 0.6 were considered moderate. For r2 in both the F2 populations and the F8
AILs, highly significant average LD occurred at distances up to 5 Mb in the
macrochromosomes and the intermediate chromosomes, and up to 2 Mb in the
microchromosomes (Fig. 1). Highly significant r2 values of LD were at distances up to 4
Mb in macrochromosomes, 2 Mb in intermediate chromosomes, and 1 Mb in
microchromosomes in the F8 AILs. The levels of LD declined more rapidly with distance
in the F8 populations than in the F2 population (Fig. 1). The mean D’ and r2 was higher
in the F2 than the F8 populations and this difference was highly significant across all
chromosomes (Table 1). The lowest mean D’ and r2 across chromosomes was observed
in the F8 Br x Leg AIL, while the F2 populations consistently had the highest D’ and r2.
Differences between the mean values of D’ and r2 in the two F2 populations and each F8
AIL line for SNPs less than 12.5 Mb apart were analyzed utilizing a Student’s two-sided t
test. The F8 AILs were also compared (Table 1). In the macrochromosomes, both F2
populations differed significantly from the F8 Br x Fay AIL and F8 Br x Leg AIL for both
D’ and r2 (p-values < 0.001). The D’ values for both intermediate and
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microchromosomes were also highly significant for differences between the F2 and each
F8 AIL (p-values < 0.001). The r2 value for the intermediate chromosomes was highly
significant for the difference between the F2 Br x Leg populations and the F8 Br x Leg
AIL (p-value < 0.001) and between the F2 Br x Fay population and the F8 Br x Fay AIL.
For the microchromosomes, highly significant differences were found for the mean LD
measured by r2 between F2 Br x Leg and F8 Br x Leg AIL and between F2 Br x Fay and
F8 Br x Fay AIL populations (p-value < 0.001). D’ values were moderately significantly
different for macrochromosomes between the F8 Br x Leg and F8 Br x Fay AILs. There
were no significant differences between F8 AILs for intermediate chromosomes, or
microchromosomes based on the mean D’ or r2 value.
Shown in Table 2 are the correlations between LD in the F2 and F8 generations and
between the two F8 populations by distance. The correlations and regression coefficients
were generally high at low distances (< 2 Mb) but were higher for r2 than for D’ at
greater distances, which illustrates that r2 is a more accurate measure of LD than D’
because it is less dependent on random changes in allele frequencies. Regression
coefficients and correlations between F2 and F8 AIL r2 values declined as the distance
between markers increased. The low correlations as distance increases indicate that at
longer distances high LD in the F2 did not necessarily lead to high LD between markers
in the F8 populations.
A linear model was used to test the effects of distance, chromosome size group,
population by generation subgroups, and their interactions on D’ and r2. The model was
run on four data sets defined by chromosome size: all chromosomes, macrochromosomes
only, intermediate chromosomes only, and microchromosomes only. Only LD for pairs
of SNPs that were less than 12.5 Mb apart was utilized for analysis. Of the seven effects
that were fitted in the model, most of the differences in D’ were explained by genetic
distance, which was examined by separate regression coefficients for each population (p-
value < 0.0001 in all four data sets), and by population by generation subgroups (p-value
< 0.0001 in all four data sets). When the full data set was analyzed, the interaction
between chromosome size group and population by generation subgroups was highly
significant (p-value < 0.008) and was observed across all subpopulations (p-value <
0.01). The majority of the significant interactions between chromosome size groups and
genetic distance observed in the full data set (p-value < 0.001) were due to significant
interaction effects in the intermediate and microchromosomes (p-values < 0.0002);
macrochromosomes showed no significant interaction between chromosome size group
and genetic distance (p-value >0.2). Population by distance interactions were significant
for all four data sets (p-value <0.05), along with the three-way interaction among
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chromosome size group, population by generation subgroups, and distance in all four data
sets (p-value <0.001).
The linear model was also used to test the effects on r2 for the four chromosome size
grouped data sets. Analysis on r2 was conducted because previous studies showed that
the D’ value tends to be an over-inflated measure of LD if one or more haplotypes are
absent from the data set or have low frequency (Flint-Garcia et al. 2003; Harmegnies et
al. 2006). As with D’, the majority of the differences in r2 were explained by genetic
distance and population by generation subgroups (p-value <0.0001). The chromosome
size group by distance interaction was highly significant in the full data set (p-value
<0.0001), with the intermediate and microchromosomes making up a large portion of
each interaction (p-value < 0.0001). The three-way interaction among chromosome size
group, population by generation subgroups, and distance was significant in the four data
sets (p-value <0.0001).
Least square means (LSM) of r2 values were analyzed utilizing a Student’s two-sided t
test (Table 3). The tests showed that all of the comparisons between F2 and F8
populations within lines showed significant differences, accounting for 30 significant
tests with p-values <0.01.
DISCUSSION
The main finding of the present study is the presence of widespread LD within the study
populations of markers separated up to 3 Mb. This is in concordance with reports on LD
within other livestock species such as sheep and pigs (Farnir et al. 2000; Nsengimana et
al. 2004). LD was observed at high levels at short distances (D’ and r2 mean values of 
0.5 at distances < 3 Mb) and dropped off rapidly with increasing distance between
markers, with moderate D’ and r2 values between markers with distances extending as far
as 7-10 Mb apart. The current study showed markers in complete LD at distances up to 5
Mb apart. A similar level of LD was reported in a previous study utilizing three
commercially relevant lines of chickens under intense selection for production traits
(Heifetz et al. 2005).
An ideal measure of LD would not depend on allele frequencies, although none of the
commonly used measures of LD are completely independent of allele frequencies.
Choice of the LD measure to use is strongly influenced by the type of molecular marker
used in the study along with population sizes. When multiallelic markers, such as
microsatellites, are used, D’ is preferred over r2, mainly due to r2 giving values which
strongly underestimate the values of LD (Ardlie et al. 2002). Although r2 and D’ are
most commonly used, 2’ is the best measurement of multi-allelic LD (Zhao et al. 2005).
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Unfortunately, for many livestock studies where multiallelic microsatellites are
commonly used, low frequency alleles and haplotypes are common, along with small
effective population sizes due to breeding structure. Both of these have a tendency to
inflate the value of D’ close to a value of 1.0 (Farnir et al. 2000; Flint-Garcia et al. 2003;
McRae et al. 2002), thereby leading to overestimates of LD based on D’. McRae et al.
(2002) demonstrated that such overestimates may increase D’ values by as much as 0.05.
With the large-scale identification of SNPs, LD mapping may be moving away from
using multiallelic markers such as microsatellites. The r2 measure is better able to handle
biallelic markers such as SNPs than D’ because r2 measures the amount of information
about one locus provided by the other (Ardlie et al. 2002; Flint-Garcia et al. 2003). Our
study, in concordance with McRae et al. (2002), shows that biallelic markers are useful
markers for measuring levels of LD using r2 values.
While it has been shown that short-range LD is strongly conserved over consecutive
generations (Heifetz et al. 2005), the current study is unique in showing the reduction in
LD that an advanced intercross mating scheme can produce in livestock. Advanced
intercross breeding theory suggests that after numerous generations of intercrossing the
population will have lower values for D’ and r2 when compared to the F2 generation
(Darvasi and Soller 1995). In our study, we observed a 1.5-fold overall reduction in the
D’ values between F2 and F8 generations (0.60 to 0.41). This is much less than the
theoretical reduction (Fig. 3) predicted by use of an AIL breeding program after 6
generations (3.2-fold reduction) (Darvasi and Soller 1995). The F8 populations had a
lower number of individuals than were used to derive the advanced intercross theory (67
compared to >100 respectively). Another possibility for the difference between the
observed and expected reduction is the population structure. Darvasi and Soller (1995)
estimated the reduction on a cross between two inbred lines. The present cross was
between an outbred sire and inbred dams. If the decline of LD over distance in the AIL is
more rapid than in the F2 mapping population, it would indicate that a positive
association of a SNP with a trait of interest by a marker-association test in an AIL
population may be closer to the actual causal mutation than an associated marker in the
F2 QTL mapping population.
In an expansion over other LD studies in livestock reported to date, we analyzed two F2
populations and two F8 AIL populations and presented results for three subgroups of
chromosomes. This allowed us to test the effects of different factors (population by
generation subgroups, chromosome size group, and genetic distance) and their
interactions, as suggested by Nsengimana et al. (2004). At the population by generation
subgroup level, the global pattern of LD was similar between the two F8 AILs and a
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much higher level of LD was seen in the two F2 populations (Table 1). When alleles
which were segregating between the founder sire and dam were analyzed, a typical
distribution of LD was observed in the F2 populations (Fig. 1). Low LD present at short
physical distances in the F2 populations in Fig. 1 are most likely due to a number of
misplaced SNP locations based upon the second build of the chicken genome. The
pairwise comparisons of LD between the F2 and F8 AILs revealed significant differences
in all chromosome size subsets using D’ and r2 (Table 1). Genetic distance between
markers was the major factor in explaining variation in both D’ and r2 (Table 2). This is
in agreement with previous studies that showed that LD drops at an exponential rate
within livestock species (Farnir et al. 2000; McRae et al. 2002; Nsengimana et al. 2004).
Consistent in the analysis of the F2 and F8 AILs, two general trends were observed.
First, there was a difference among the three size groups of chromosomes. This finding
was not surprising, in that differences in genomic characteristics between
macrochromosomes, intermediate chromosomes, and microchromosomes have been well
documented by the International Chicken Genome Sequencing Consortium (Hillier et al.
2004). The sizes of chicken chromosomes vary dramatically, with a range of nearly 100-
fold. The rate of recombination was reported to be much higher on microchromosomes
than macrochromosomes (median values of 6.4 cM Mb-1 and 2.8 cM Mb-1, respectively)
(Hillier et al. 2004). Second, the two F8 AILs show non-identical patterns of LD because
they were developed as two separate lines (Table 2). The lines were not crossed with
each other, thereby allowing independent allele assortment and drift to occur within each
line. After several generations, random drift will have affected each line differently and
allowed different alleles to become fixed or lost over time.
The levels of LD that were seen within the F2 populations mirrored those which were
reported in other livestock species (Farnir et al. 2000; Heifetz et al. 2005; McRae et al.
2002; Nsengimana et al. 2004). The significant reduction in D’ was comparable to the
levels that were shown in cattle, sheep, and swine, which was surprising because of the
differing population structures. Heifetz et al. (2005) reported in their study that a
standardized chi-square was a more effective measure than either D’ or r2 when using
multi-allelic markers. It is worth noting that while different LD measures were utilized in
the studies, along with different markers, a similar pattern of LD reduction with distance
was observed across all livestock species. In addition, when markers were separated by a
distance  15 Mb, the patterns and level of LD observed were similar regardless of
whether D’ or r2 measures were used. These findings indicate that LD analysis provides
valuable information about possible linkage and should be conducted prior to mapping
trait-associated SNPs in livestock species and applying them in MAS programs.
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MATERIALS AND METHODS
Experimental Animals and Advanced Intercross Lines
The two advanced intercross lines were established from crosses of highly inbred (>99%)
Leghorn and Fayoumi dams with sires from an outbred broiler breeder sire line (Kaiser
and Lamont 2001; Lamont et al. 2002). To create the F1 generation, a single outbred
broiler sire was crossed with inbred Leghorn females and inbred Fayoumi females. The
F2 generation was produced by mating F1 birds within each cross. For subsequent
generations, males and females were randomly mated, while maintaining separate AIL
populations, and avoiding brother-sister mating. DNA from one hundred thirty-three F8
birds from two hatches (67 Br x Fay AIL and 66 Br x Leg AIL) and forty F2 birds (20
from each cross) were used. Birds were relatively equally distributed by sex and hatch
date.
DNA Collection, Extraction, Purification, and Quantification
Genomic DNA was extracted from erythrocyte (or heart tissue if erythrocyte DNA was
unavailable) using the PUREGENE® DNA purification kit (Gentra Systems,
Minneapolis, MN). DNA was purified through the addition of 1.5 µl of RNase A
Solution (Gentra Systems, Minneapolis, MN) followed by incubation at 37°C for one
hour. DNA concentrations were quantified on a ND-1000 NanoDrop system (NanoDrop
Technologies, Wilmington, DE). A final concentration of >50 ng/µl was obtained for
each sample.
Marker Analysis
A total of 3072 single nucleotide polymorphisms (SNPs) were selected in or near exon
locations of genes based upon the chicken genome sequence (Hillier et al. 2004). The
design of the SNP assays was by Hans Cheng (U.S. Poultry Genome Co-coordinator,
USDA-ARS-ADOL, East Lansing, MI) and colleagues. DNA was genotyped using the
Illumina (San Diego, CA) Genotyping BeadArray (Fan et al. 2003; Gunderson et al.
2004; Oliphant et al. 2002), with a successful call rate of 89% (2733 out of 3072 SNPs).
A total of 1045 markers had a minor allele frequency of 0.05 or greater in the Br x Leg
AIL and 1032 SNPs in the Br x Fay AIL and were included in the analysis. SNPs that
were homozygous for one allele in the F0 broiler sire and homozygous for the alternate
allele in either inbred dam line were utilized for analysis in that cross (n=508 in Br x Leg
AIL, n=502 in Br x Fay AIL).
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Measures of Marker-Marker LD
Numerous measures of LD have been proposed, with no clear consensus as to the best
measurement for all questions (Devlin and Risch 1995; Hedrick 1987; Jorde 2000;
Lewontin 1988; McRae et al. 2002). The standard measure for LD between two alleles at
two loci is
Dij = p(AiBj) – p(Ai)p(Bj),
where p(Ai) is the frequency of allele Ai at locus A, p(Bj) is the frequency of allele Bj at
locus B, and p(AiBj) is the frequency of the AiBj haplotype. Lewontin (1964)
recommended standardizing Dij by the maximum value it can attain, given the allele
frequencies:
D’ij = Dij / Dmaxij,
where Dmaxij = min [p(Ai)p(Bj), (1-p(Ai))(1-p(Bj))] when Dij < 0,
Dmaxij = min [p(Ai)(1-p(Bj)), (1-p(Ai))(Bj)] when Dij  0.
Dij can, however, be inflated if one or more of the haplotypes is missing from the analysis
(Flint-Garcia et al. 2003) or has low frequency. The square of the correlation between Ai
and Bj (denoted by r2ij) has been suggested to standardize the measurement of LD
between two loci (Hill and Robertson 1968). It is determined from Dij and allele
frequencies by
r
2
ij = D2ij / p(Ai)(1-p(Ai))p(Bj)(1-p(Bj)).
Measures |Dij| and r2ij range from 0 to 1, with r2ij being the preferred measure because of
the overestimation of LD if one or more haplotype is missing with |Dij| (Zhao et al. 2005).
In contrast, r2ij correctly handles one missing haplotype, avoiding going to a value of 1
until two or more haplotypes are absent (Wall and Pritchard 2003).
Illumina BeadArray genotype CSV files were converted to Haploview (Barrett et al.
2005) data files through PERL scripts. Haploview utilizes a two-marker Expectation
Maximization algorithm (EM) to obtain maximum-likelihood estimates of the four
haplotype frequencies while ignoring missing data (Barrett et al. 2005). Maximum-
likelihood estimates were used to derive the D’ and r2 separately for each population and
each pair of SNPs on a chromosome. A standard EM algorithm with a partition-ligation
approach was used to calculate haplotype phase and population frequency for blocks
containing 10 or more markers (Barrett et al. 2005).
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Analysis of Linkage Disequilibrium Levels and Patterns
The effects on D’ and r2 of marker distance, chromosome, and population by generation
subgroups, including all possible interactions, were tested using a general linear model.
For this analysis only LD between markers that were less than 12.5 Mb apart were used.
Chromosome and population by generation subgroups were fitted as fixed effects, while
the distance between markers was log-transformed and fitted as a covariate,
D’ijkl or rijkl = Ci + Pj + ln(dkl) + CiPj + Ci ln(dkl) + Pj ln(dkl) + CiPj ln(dkl) + eijkl,
where D’ijkl and rijkl are the measures of LD between markers k and l on chromosome i in
population j, Ci is the main effect of chromosome I, Pj is the main effect of population by
generation subgroup j, ln(dkl) represents the linear effect of the natural log of the physical
distance (Mb) between markers k and l, and eijkl is a residual. Following Farnir et al.
(2000), McRae et al. (2002), and Nsengimana et al. (2004), significance levels were not
corrected for multiple testing, because a too stringent type I error rate could result in a
loss of power to detect differences in LD (Tenesa et al. 2003).
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Table 1: Mean D’ and r2 and their standard deviations (for markers < 12.5 Mb apart),
and Student Pairwise t-tests of mean LD values between populations.
Macrochromosomesc IntermediateChromosomesc Microchromosomes
c
Mean D’ ± sea
(F2 Br x Leg)
(F2 Br x Fay)
(F8 Br x Leg)
(F8 Br x Fay)
0.751 ± 0.006
0.795 ± 0.007
0.539 ± 0.010
0.568 ± 0.011
0.699 ± 0.016
0.756 ± 0.013
0.493 ± 0.022
0.491 ± 0.018
0.653 ± 0.012
0.663 ± 0.013
0.486 ± 0.016
0.461 ± 0.015
Br x Leg (F2 vs. F8)
p-valueb <0.001 *** <0.001 *** <0.001 ***
Br x Fay (F2 vs. F8)
p-valueb <0.001 *** <0.001 *** <0.001 ***
F8 (Br x Leg vs. Br x
Fay) p-valueb 0.028 * 0.909 0.113
Mean r2 ± sea
(F2 Br x Leg)
(F2 Br x Fay)
(F8 Br x Leg)
(F8 Br x Fay)
0.522 ± 0.007
0.573 ± 0.008
0.254 ± 0.009
0.257 ± 0.010
0.461 ± 0.018
0.510 ± 0.015
0.219 ± 0.019
0.214 ± 0.016
0.380 ± 0.013
0.422 ± 0.014
0.196 ± 0.014
0.168 ± 0.012
Br x Leg (F2 vs. F8)
p-valueb <0.001 *** <0.001 *** <0.001 ***
Br x Fay (F2 vs. F8)
p-valueb <0.001 *** <0.001 *** <0.001 ***
F8 (Br x Leg vs. Br x
Fay) p-valueb 0.719 0.745 0.060
a Standard Error of the mean value
b The significance of the difference in D’ and r2 means between chromosome groups at P
values of *0.05, **0.01, and ***0.001.
c Macrochromosomes are Chr. 1-5, Intermediate are Chr. 6-10, and Microchromosomes are
11-28.
92
Table 2: Correlations and regression coefficients of D’ and r2 according to distance
between marker pairs.
Correlation (F2
Br x Leg on F8
Br x Leg)
Correlation (F2
Br x Fay on F8
Br x Fay)
Regression Coefficient (F8 Br
x Leg on F2 Br x Leg)
Regression Coefficient (F8
Br x Fay on F2 Br x Fay)
Marker
Distance
(Mb) D’ r2 D’ r2 D’ r2 D’ r2
 1 0.29 0.34 0.36 0.35 0.36±0.05 0.45±0.06 0.31±0.04 0.32±0.05
1-2.5 0.17 0.22 0.28 0.27 0.26±0.06 0.44±0.06 0.30±0.04 0.43±0.03
2.5-5 0.17 0.22 0.20 0.23 0.35±0.04 0.54±0.05 0.38±0.06 0.66±0.07
5-7.5 0.16 0.20 0.09 0.20 0.32±0.05 0.51±0.05 0.26±0.03 0.66±0.04
7.5-10 0.09 0.20 0.15 0.19 0.29±0.03 0.66±0.08 0.36±0.05 0.54±0.05
10-12.5 0.02 0.17 0.04 0.20 0.14±0.03 0.63±0.04 0.22±0.03 0.67±0.06
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Table 3: Least square means of r2 by population and chromosome for given distances
between marker pairs.
Subpopulation Distance in Mb
Chromosome Population 1 2.5 5 7.5 10
F2 Br x Leg 0.846 0.655 0.510 0.425 0.365
F8 Br x Leg 0.564 0.379 0.238 0.156 0.098
F2 Br x Fay 0.940 0.726 0.563 0.468 0.401
Macro
F8 Br x Fay 0.717 0.517 0.366 0.277 0.215
F2 Br x Leg 0.914 0.638 0.429 0.307 0.220
F8 Br x Leg 0.606 0.353 0.162 0.051 0.029
F2 Br x Fay 0.895 0.649 0.463 0.354 0.277
Intermediate
F8 Br x Fay 0.639 0.431 0.273 0.181 0.115
F2 Br x Leg 0.746 0.543 0.390 0.300 0.237
F8 Br x Leg 0.451 0.284 0.157 0.083 0.031
F2 Br x Fay 0.838 0.607 0.432 0.329 0.256
Micro
F8 Br x Fay 0.614 0.427 0.286 0.203 0.144
All F2 x F8 comparisons within lines were significantly different from each other at p <0.01.
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Figure 1: Distribution of r2 values for marker pairs as a function of distance.
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Figure 1. Distribution of r2 values observed between marker pairs as a function of distance
for different generations and chromosome categories. The black line corresponds to a
moving average of r2 values for 50 marker pairs. (a) F2 Br x Leg macrochromosomes. (b)
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F8 Br x Leg AIL macrochromosomes. (c) F2 Br x Leg intermediate chromosomes. (d) F8 Br
x Leg intermediate chromosomes. (e) F2 Br x Leg microchromosomes. (f) F8 Br x Leg AIL
microchromosomes. (g) F2 Br x Fay macrochromosomes. (h) F8 Br x Fay AIL
macrochromosomes. (i) F2 Br x Fay intermediate chromosomes. (j) F8 Br x Fay AIL
intermediate chromosomes. (k) F2 Br x Fay microchromosomes. (l) F8 Br x Fay AIL
microchromosomes.
97
Figure 2: Comparison of D’ and r2 values using the combined F8 AIL.
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Figure 2. Analysis of D’ and r2 on combined F8 AIL marker pairs on all chromosomes. The
figure includes all markers separated by < 12.5 Mb on all chromosomes.
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Figure 3: Theoretical Reduction in LD confidence interval between Markers in
Advanced Intercross Lines.
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Figure 3. The theoretical reduction of LD confidence interval due to advanced intercrossing
as a function of generation number (after Darvasi and Soller, 1995). The four lines represent
the initial interval in the F2 generation between markers in LD. (, 20 Mb;	, 10 Mb; 
, 5
Mb; , 2.5 Mb).
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Abstract
With the advent of high throughput genomics in livestock and the creation of a dense SNP
map in chickens, it is now possible to simultaneously examine hundreds of candidate genes
for associations with disease resistance levels. This study analyzed 2700 SNPs for
association with Salmonella enteritidis (SE) burden levels in poultry in two F8 advanced
intercross lines utilizing a high-throughput SNP array. SNPs were originally selected to be in
exonic regions of genes based upon the chicken genome sequence, but after adjusting
locations on the second genome build the SNPs were located in both exons and introns
(within 200 kilobases of either 3’ or 5’ end of genes). A total of 21 SNPs (13 associated with
cecal bacterial burden and 8 with spleen bacterial burden) were significant at a false
discovery rate of 25% for SE bacterial levels. The 21 significant SNPs were in 19 genes
demonstrating a wide variation in molecular function, ranging from apoptosis, cell signaling,
and DNA repair. ARPP-21 and MLH1 were the only genes that were associated with both
spleen and cecal bacterial burden. Ten SNPs were in pathways that have been previously
associated with immune response to SE bacterial challenge (toll-like receptor signaling,
apoptosis, and MAPK signaling pathways), supporting their usefulness in marker assisted
selection programs. In addition to identification of 19 new candidate genes, this study is the
first whole genome SNP association study to incorporate a high-density SNP array in
chickens.
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Introduction
A major safety concern in animal production and processing of food products is the
avoidance of pre-harvest and post-harvest pathogenic contamination. Salmonella enterica
serovar Enteritidis (SE) is a major food poisoning agent in the United States, the European
Union, and many developing nations (de Jong and Ekdahl 2006; Hope et al. 2002; Schroeder
et al. 2005). Concerns have been raised over the possible emergence of antibiotic-resistant
bacteria due to subtherapeutic use of antibiotics to control bacterial diseases such as SE in
livestock (Johnson et al. 2005; White et al. 2001), and the possible consumption of antibiotic
residues in treated poultry (Ebel and Schlosser 2000). Selective breeding programs could be
implemented to allow for allelic selection of genes that may confer increased antimicrobial
defense without antibiotic supplements (Brogden et al. 2003; Georges 2001; Reddy et al.
2004). Through molecular genetics, improvement of the chicken’s innate immune system for
greater protection against bacterial infections may be possible while reducing antibiotic use.
Single nucleotide polymorphism (SNP) discovery has developed rapidly in the past decade
from mapping of single SNPs to current applications genotyping thousands of SNPs
simultaneously. Many SNP detection techniques were utilized in the past for marker-trait
association studies; polymerase chain reaction – restriction fragment length polymorphism
(PCR-RFLP), primer extension based methods, matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF), pyrosequencing, and various hybridization-based methods
(Dearlove 2002; Kwok 2001; Turner et al. 2002; Vignal et al. 2002). Previous studies have
successfully utilized these techniques to identify single SNPs within candidate genes as
selectable markers on various traits of interest (Hasenstein et al. 2006; Kramer et al. 2003;
Liu and Lamont 2003; Malek et al. 2004; Rothschild and Soller 1997; Yokoi et al. 2000;
Yonash et al. 1999). The need to identify multiple SNPs to detect associations with complex
diseases has led to the application of high-throughput genotyping procedures for marker-trait
association studies. Multiple SNP genotyping systems have been developed to study varying
numbers of SNPs simultaneously. SNP platforms range in size anywhere from tens of SNPs
(Lindblad-Toh et al. 2000), hundreds (De la Vega et al. 2005), to more than a thousand SNPs
simultaneously (Dearlove 2002; Fan et al. 2003).
Typically, marker-trait association studies for livestock have been performed on either F2
crosses or backcrosses. These crosses create a large amount of linkage disequilibrium (LD)
which facilitates the identification of quantitative trait loci (QTL) (Falconer and Mackay
1996). However, the resulting LD can be detrimental in SNP association studies because LD
that extends over large distances can lead to false positive identification of candidate genes
while the true causal mutation may be in a linked gene. For species with short generation
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cycles, additional reductions in LD may be obtained through advanced intercross lines (AIL)
or recombinant inbred lines (Darvasi and Soller 1995). These populations take advantage of
increased recombinational events to reduce the extent of LD, theorized to be as much as a
three- to five-fold reduction from the F2 to the F10 generation of AIL (Darvasi and Soller
1995). Although many studies have been conducted using AILs on model organisms such as
mice (Iraqi 2000; Iraqi et al. 2000; Peirce et al. 2004; Wang et al. 2003a; Wang et al. 2003b),
AIL in livestock species has only been utilized to examine the possible reduction in QTL
confidence intervals and LD in marker association studies (Geverink et al. 2006; Jennen et al.
2005).
The specific objective of this study was to analyze SNPs for associations with Salmonella
bacterial burden in poultry in two F8 advanced intercross lines utilizing a high-throughput
SNP array of over 3000 SNPs. This works contributes to the overall goal of identification of
DNA markers for phenotypic variation in host response to a bacterial challenge.
Materials and Methods
Experimental Animals and Advanced Intercross Lines
Two advanced intercross lines were established from crosses between highly inbred
(>99%) Leghorn (Leg) and Fayoumi (Fay) dams and a commercial outbred Broiler (Br) sire
(Kaiser and Lamont 2001; Lamont et al. 2002). To create the F1 generation, a single outbred
broiler sire was crossed with inbred Leghorn females and inbred Fayoumi females. Males
and females were randomly mated for following generations, avoiding brother-sister mating
while maintaining separate AIL lines. One hundred thirty-three F8 birds from two hatches
were used (67 Br x Fay and 66 Br x Leg birds). The hatches were similar in size, with almost
equal numbers of females and males.
Bacteriology
The F8 AIL chicks (n = 133) were inoculated intraesophageally via a syringe equipped with
an infusion teat with pathogenic SE phage type 13a at 1x104 cfu/chick at 1 day of age as
previously described (Kaiser and Lamont 2001). Half of the birds were euthanized at 7 days
of age, the remaining half at 8 days of age. The spleen and one cecum were removed
aseptically. Spleen and cecal counts were analyzed as representatives of enteric and visceral
organs. Bacteriology was conducted as previously described (Hasenstein and Lamont 2007).
DNA Collection, Extraction, Purification, Quantification, and Marker Analysis
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DNA was collected from the F8 chicks (n = 133) from erythrocytes or heart tissue.
Genomic DNA was extracted using a PUREGENE® DNA purification kit (Gentra Systems,
Minneapolis, MN). DNA was purified through the addition of 1.5 µl of RNase A Solution
(Gentra Systems, Minneapolis, MN) followed by incubation at 37°C for one hour. DNA
concentrations were quantified on a ND-1000 NanoDrop system (NanoDrop Technologies,
Wilmington, DE). A final concentration of >50 ng/µl was obtained for each sample.
Genomic DNA was typed by Illumina (San Diego, CA) on Genotyping BeadChip. SNPs
were selected in or near exon locations of genes based upon the chicken genome sequence
(Hillier et al. 2004). Single nucleotide polymorphism (SNP) calls were conducted at
Illumina utilizing a custom designed BeadChip (Fan et al. 2003; Gunderson et al. 2004;
Oliphant et al. 2002). 2733 SNPs were genotyped for each bird. SNPs with a minor allele
frequency less than 0.2, calculated within line, were removed from the study.
Statistical Analysis
Associations between SNP genotypes of the F8 AIL chicks and the SE bacterial count were
determined through comparisons of two linear mixed models for each SNP separately (a full
and a reduced model) using the SAS program (SAS 2004). Both the spleen and cecum
bacterial count were transformed to their natural logarithms to achieve a normal distribution
of the dependant variables.
Full Model: Yijklmnpqr = µ + hatchi + sexj + roomk + necropsy dayl + linem
+ SNP genotypen + SNP genotype*linep + sire(line)q + dam(sire, line)r + eijklmnpqr
and
Reduced Model: Yijklmqr = µ + hatchi + sexj + roomk + necropsy dayl +
linem + sire(line)q + dam(sire, line)r + eijklmqr
where Yijklmnpqr is the response variable from each individual F8 bird (natural logarithms of
spleen or cecal bacterial count). In the model, hatch, sex, room, necropsy day, line, SNP
genotype, and SNP genotype*line were set as fixed effects, while sire(line) and dam(sire,
line) were fitted as independent random effects. A Chi-square analysis was conducted
comparing the full and reduced model to test for significance:
2 = -2[logL(Reduced Model) – logL(Full Model)]
P = [1-probCHI(X2, df)], df = s-n 
 
103
where s equals number of line*genotype classes and n equals number of lines. Sex, hatch,
room, and necropsy day were all found to be not significant and were excluded from the final
analysis. With multiple tests being conducted, q-values were calculated on the Chi-square
results. The q-value of a test measures the minimum false discovery rate that is incurred,
represented as the expected proportion of false positives among the tests found to be
significant (Storey and Tibshirani 2003). A threshold level of 25% false discovery was set.
the q-values were calculated utilizing the R statistical program Q-value (Storey 2002; Storey
and Tibshirani 2003). Each significant SNP was examined for an interaction of genotype
with line.
Additive and dominance effects at each SNP were calculated through contrast statements in
SAS (SAS 2004). Effects were tested on the two advanced intercross lines pooled. Additive
and dominance effects were tested on the Br x Fay and the Br x Leg line separately. The
contrasts were calculated when all three genotypic combinations (AA, AB, and BB) were
present for the SNP within each data set. The additive effect was determined by contrasting
as follows: Additive effect = 1/2(AA – BB). The dominance effect was calculated as
Dominance effect = AB – 1/2(AA+BB). Additive and dominance effects were calculated
utilizing Student’s t-test. Significant effects were identified as p-values < 0.05, and were
evaluated for SNPs that were significant after X2 test.
Results
In total, 133 birds were genotyped using the 3072 SNP array. Out of the 3072 SNPs
present, 2733 were successfully genotyped (a call rate of 88.9%). A total of 875 SNPs were
removed based upon MAF. SNPs were also deleted from further analysis in the study if the
difference between the full and reduced models resulted in a Chi-squared P-value of 1, due to
no difference between the models and therefore no genotype effect. A total of 1207 SNPs
fulfilled these two requirements (44.1% of SNPs genotyped). A total of 54 SNPs showed an
association with bacterial burden levels in the cecal content of the birds, while 35 SNPs were
associated with the SE bacterial burden levels in the spleen (data not shown). Four SNPs
were associated with both cecum and spleen bacterial burden levels after SE challenge.
We corrected for multiple comparisons utilizing q-values, selecting a false discovery rate of
25%. Utilizing this threshold, we accepted as significant SNPs with P-values of 0.2 or
below. P-Value distribution of all tests is shown in Figure 2. Upon correcting for the false
discovery rate using q-values, a total of 21 SNPs were significant for SE bacterial levels in
the birds (Table 1). The 21 SNPs showed no significant interactions of genotype with line.
Each SNP illustrates a 3-4% change in the phenotypic variation of the bacterial burden. Of
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the 21 significant SNPs, 13 were associated with cecal bacterial burden levels and 8 with
bacterial burden levels in the spleen (Table 1). The higher number of SNPs associated with
bacterial burden levels in the cecum compared to the spleen is in agreement with past studies
on the immature immune response (up to one month of age) to SE challenge (Kaiser and
Lamont 2001; Kramer et al. 2003). Nine of the SNPs were located within exonic regions of
genes, 4 within introns, and the remaining 8 were located within 200kb of either the 3’ or 5’
region of the genes (Table 1). The percentage of SNPs in exons after correction for FDR is
much higher than the percentage of exonic SNPs before application of Q-values.
In addition to overall association with SE bacterial burden levels, the 21 SNPs (with 2 P-
value <0.02) in the array were tested within line for additive and dominance effects (Table
2). Four of the SNPs identified were unable to be tested for either additive or dominance
effects (one for cecal burden, three for spleen burden) due to the AILs lacking one or more
genotypic class for each SNP. For SE bacterial burden in cecum, one SNP showed a
significant additive effect in the Br x Fay AIL and three SNPs in the Br x Leg AIL. After SE
bacterial challenge, five SNPs demonstrated a significant dominance effect for cecum
bacterial burden in the Br x Fay AIL and two SNPs showed a dominance effect in the Br x
Leg AIL (Table 2). Three SNPs showed an additive effect in the Br x Fay and Br x Leg
AILs for spleen bacterial burden. The Br x Fay AIL had one SNP displaying a dominance
effect for spleen bacterial burden while the Br X Leg had no SNP with a significant
dominance effect.
The 21 significant SNPs identified utilizing the high-density SNP array have a wide
variation in molecular activities (Table 1). Six genes are involved in the immune response
(IBTK, STK39, TNS1, TIRAP, IGF1R, and MAPK9) (Fig. 1). Another four genes containing
or located near significant SNPs function were involved in intracellular signal messaging
(KIF15, ARPP-21, MEIS2, and UBE2J1). The remaining nine significant genes are involved
in cellular maintenance, DNA synthesis and processing, and membrane structure. Other
immune related genes with moderate significance levels (P-value 0.02 to 0.05) included
BAG5, IL-15, TNFSF11, CD82, and CCR8. The four genes associated with SE bacterial
burden levels in both the spleen and cecum were HNPRU, ARPP-21, MLH1, and PCDH7.
ARPP-21 and MLH1 were both highly associated (P-value <0.02) in both organs.
Based on the University of California Santa Cruz chicken genome browser and the Gene
Ontology Database (Harris et al. 2004; Hillier et al. 2004; Kuhn et al. 2007), we summarized
characteristics of 89 SNPs and mapped these SNPs to chromosomes and genes utilizing the
May 2006 build of the chicken genome. These 89 SNPs were mapped in or near (within 200
kilobases of either 3’ or 5’ end) 78 genes, including 18 SNPs in exons and 39 SNPs in introns
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(data not shown). Forty-two of the 78 genes mapped were known chicken protein-coding
genes taken from the NCBI mRNA reference sequences collection (RefSeq genes) (Kent
2002). The remaining 36 genes were located in regions of homology with bovine, human,
and mouse RefSeq genes.
Discussion
Salmonella enteritidis (SE) routinely infects both chicken meat products and shell eggs.
Improper preparation of these food materials result in an estimated 1.4 million illnesses,
309,000 hospitalizations, and over 10,000 deaths every year in the United States (Mead et al.
1999). The possibility exists to enhance the innate immune response of poultry through
genetic host modulation, leading to a reduction on the amount of antibiotics administered to
treat SE infections and the number of human illnesses. The innate immune response to SE
bacterial infection has been shown to be a polygenic trait, therefore multiple SNPs
throughout the entire genome of the chicken could be associated with a response to SE
infection (Beaumont et al. 2003; Girard-Santosuosso et al. 1998; Kramer et al. 2003; Lamont
et al. 2002; Lamont et al. 1996; Malek et al. 2004; Malek and Lamont 2003; Tilquin et al.
2005a).
The major finding of this study, which used a high density, genome-wide SNP assay, was
the association of 21 SNPs in 19 different genes with bacterial burden in the cecal content
and spleen of two AILs of chickens (Table 1). An additional 68 SNPs showed suggestive
associations (2 P-value 0.02-0.05) with bacterial burden levels (data not shown). These
findings indicate the usefulness of a genome-wide SNP assay to locate regions of the genome
associated with a pathogen challenge in livestock. With nine of the 21 SNPs associated with
bacterial burden levels located in exons, it suggests the 13 remaining SNPs may be markers
for other genes or regulatory factors influencing this trait that were not identified in this
study.
SE bacterial burden associations in this study were tested on two AILs that originated from
three breed sources. A single outbred broiler sire was utilized to found each AIL. Dams for
each AIL consisted of unique inbred lines (Fayoumi or Leghorn). The Leghorn breed was
selected as a representative of commercial layer birds. The Fayoumi breed was selected due
to initial reports that it was highly resistant to lymphoid leukosis syndrome. Lymphoid
leukosis syndrome is now understood as being caused by two viruses; Marek’s disease virus
and avian leukosis virus (Abplanalp 1992). The Fayoumi and Leghorn inbred lines have
been successful utilized in past studies to identify genes associated with increased resistance
to SE bacterial burden levels (Hasenstein and Lamont 2007; Hasenstein et al. 2006; Lamont
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et al. 2002; Liu et al. 2003; Malek et al. 2004; Malek and Lamont 2003). By utilizing the
two distinctive inbred lines and their unique genetic backgrounds, we were able to identify a
large number of SNPs that are associated with SE bacterial burden.
The ability to genotype over 2700 SNPs was made possible by the sequencing of the
chicken genome (Hillier et al. 2004) and the companion study that identified over 2.8 million
SNPs across the genome (Wong et al. 2004). This rapid identification of numerous
molecular markers made whole genome association experiments for biological traits
possible. Although SNPs selected for the current study were intended to be in coding regions
of genes, these placements were based upon the first build of the chicken genome (February,
2004) (Hillier et al. 2004). A subsequent second build of the chicken genome (Kuhn et al.
2007) illustrated that 255 SNPs mapped to different locations in the genome (217 were
transversions of the sequence, 38 mapped to different chromosomes). Therefore, some SNPs
that are located within intronic regions of genes or adjacent to the 3’ or 5’ end of genes were
identified in the current study (Table 1). Although these genes do not directly result in an
amino acid change, they can be employed as markers for selection in a breeding program
(Villanueva et al. 2002).
Our results demonstrate that substantial additive and dominance effects are present in both
AILs. The additive effect of a SNP is of importance because it can be utilized to predict the
rate of response to phenotypic selection in quantitative traits. In addition, dominance effects
are important components of inheritance in selection studies (Merila and Sheldon 1999). In
the Br x Leg AIL, the number of additive SNPs equaled the dominant SNPs (P-value <0.05)
(Table 2). In the Br x Fay AIL, SNPs showing dominance effects were present at twice the
rate of additive SNPS (6 to 3, respectively) (Table 2). This high level of dominance among
the significant SNPs may be an artifact of the analysis. With limited power due to the small
sample size, the analysis will only identify SNPs that explain a larger amount of variance in
the data, and this typically requires dominance. The combination of additive and dominance
effects can be explained by the existence of substantial selection pressures, typically acting in
opposite directions from one another (Falconer and Mackay 1996). Quantitative genetic
theory states that the relative amount of variation should increase under selection, such as in
the current experiment (Falconer and Mackay 1996). The estimates obtained are useful in
making prediction of the bird’s response to SE bacterial challenge and for selecting potential
breeding stock for subsequent generations. While these numbers to give an estimate of the
allelic substitution effects, it should be noted that these effects were observed on a relatively
small population size.
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Several of the SNPs identified in the current study have significant associations with
bacterial burden levels were either located within or close to genes that play a role in
eukaryotic immune responses (Fig. 1). Tensin 1 (TNS1) negatively regulates the activation
of nuclear factor kappa-B-driven (NF-B) transcription, a cellular transcription factor that is
located downstream from other candidate genes previously identified as being involved in the
response to SE infection (Katz et al. 2000; Malek et al. 2004). Found upstream of NF-kB in
the Toll-like receptor pathway, Inhibitor of Bruton's tyrosine kinase (IBTK) has been linked
to an immune response to lipopolysaccharide (LPS), a cell surface marker present on SE
(Bergman et al. 2005; Horwood et al. 2006; Nagai et al. 2002). Immune pathways consist of
multiples genes acting upon signals from each other, therefore variation within one or more
of the genes could lead to an increased immune response and a greater chance of bird
survival.
Apoptosis, the end result of many cells that have been infected with SE, is a morphological
process leading to controlled cellular self-destruction controlled through complex pathways
of intracellular signals. The current study identified associations between bacterial burden
and serine threonine kinase 39 (STK39), toll-interleukin 1 receptor protein (TIRAP), insulin-
like growth factor 1 receptor (IGF1R), and mitogen-activated protein kinase 9 (MAPK9) (De
Trez et al. 2005; Polek et al. 2006; Riedemann and Macaulay 2006; Sabapathy et al. 1999).
These genes are also involved in the same pathways as genes that have been previously
identified [inhibitor of apoptosis protein-1 (IAP1), toll-like receptor 4 (TLR4), MD-2 protein
(MD-2), and tumor necrosis factor related apoptosis inducing ligand (TRAIL)] as having
associations to SE bacterial burden levels in chickens (Fig. 1) (Kramer et al. 2003; Liu and
Lamont 2003; Malek et al. 2004; Malek and Lamont 2003). The agreement between the
findings of the current study and previous studies suggest that apoptosis signaling genes are
critical in the innate immune response to SE challenge in chickens.
Four genes that were identified in the 21 SNPs associated with SE bacterial burden levels
are those that play a role in signal transduction or cell signaling. These genes could start or
participate in a signal cascade to induce the immune response of the bird to bacterial
infections. Kinesin family member 15 (KIF15), cyclic AMP-regulated phosphoprotein 21
kD (ARPP-21), Meis homeobox 2 (MEIS2), and ubiquitin-conjugating enzyme E2 J1
(UBE2J1) are all involved in pathways involving intracellular signaling for either cellular
functions or protein degradation (Buster et al. 2003; Geerts et al. 2003; Gilon et al. 2000;
Ivkovic et al. 1996). A change in these cellular signals through genetic variation such as
SNPs may allow a bird to activate and mobilize cells of the immune system rapidly, and
therefore increase clearance of bacteria in the cecum or spleen.
108
Previous studies were conducted examining biological candidate genes known to play a
role in immune pathways activated by SE bacterial challenges. A number of these biological
candidates, such as TLR4, TRAIL, and MD-2, were involved in the same pathways as genes
identified in the current study (IBTK and TNS1) (Kramer et al. 2003; Malek et al. 2004). The
apoptosis and map kinase signaling pathways also contained biological candidate and array
identified SNPs. In prior studies, SNPs were selected based upon location within biological
candidate genes. In this study, the unbiased detection of SNPs in the same pathways
associated with SE bacterial burden solidifies the importance of these immune response
pathways in responding to bacterial challenges. The fact that the high-density SNP array was
able to detect novel candidate genes located within the same pathways as previously
identified biological candidates demonstrates the value of the array to discover genes that are
associated with disease related traits.
This study provides evidence for the association of 21 SNPs with SE colonization in the
cecum and spleen of two eighth generation AILs of chickens. These SNPs provide valuable
markers that may be used in a marker-assisted selection program to enhance immune
response of young birds to SE. This study also represents the first use of a high-density SNP
genome array for genotyping multiple SNPs in chickens. The array identified 18 new
candidate genes for mediating SE bacterial burden, and validated previous studies that
identified associations with genes involved in the toll-like receptor, apoptosis, and kinase
pathways. This further supports the feasibility of creating selection programs to naturally
enhance the genetic resistance in livestock to potential bacterial disease threats.
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Table 2. Additive and Dominance effects for significant SNPs by line.
Br x Leg Br x Fay
SNP Name Add.
Effect
Dom.
Effect
Add.
Effect
Dom.
Effect
snp-7-85-3009-S-1 0.423 0.004 n/a n/a
snp-5-453-22528-S-2 n/a n/a 0.004 0.281
snp-5-477-15705-S-2 0.035 0.327 n/a n/a
snp-0-517-22931-S-1 0.037 0.352 n/a n/a
snp-1-1110-22847-S-1 0.024 0.085 n/a n/a
snp-1-1005-6873-S-1 0.035 0.079 n/a n/a
snp-54-156-6817-S-2 n/a n/a n/a n/a
snp-13-440-8821-S-2 n/a n/a n/a n/a
snp-109-86-3227-S-3 n/a n/a 0.063 0.027
snp-572-1-2764-S-2 0.993 0.016 n/a n/a
snp-24-25-5353-S-2 0.993 0.016 n/a n/a
snp-50-62-8294-S-2 n/a n/a 0.190 0.005
snp-50-198-20693-S-1 n/a n/a 0.035 0.020
snp-5-388-49809-S-2 n/a n/a n/a n/a
snp-5-453-22528-S-2 n/a n/a n/a n/a
snp-5-477-15705-S-2 n/a n/a 0.411 0.012
snp-0-583-46062-S-1 0.740 0.009 n/a n/a
snp-3-177-39024-S-2 0.365 0.155 0.336 0.008
snp-10-586-6490-S-2 n/a n/a 0.013 0.341
snp-25-120-19345-S-1 n/a n/a 0.747 0.017
snp-114-104-1895-S-2 n/a n/a n/a n/a
n/a = not available, one or more genotype class was missing
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Figure 1. Position of immune function genes along signaling pathways. Bold squares
highlight position of TNS1, IBTK, TIRAP, MAPK9, and STK39, and indicate their function in
cellular response to SE bacterial challenge. Dashed black squares indicate genes previously
identified with significant associations in chickens after SE challenge.
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Figure 2. Histogram of Chi-Square P-values. X axis represents the value of the P-values for
the comparison of the full and reduced linear models. Y axis is the number of P-values
utilized for each value.
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CHAPTER 6
GENERAL CONCLUSIONS AND DISCUSSION
6.1 CONCLUSIONS
Analysis of Candidate Genes
As presented in this dissertation, F1 crosses between commercial outbred broiler sires and
two highly inbred dam lines were successfully utilized to identify candidate genes with
associations with bacterial burden levels of Salmonella enteritidis (SE) and vaccine antibody
production in chickens. In addition to the F1 crosses, two advanced intercross lines were also
created, utilizing outbred broiler sires and inbred dams to fine map candidate regions and
identify associations of single nucleotide polymorphisms (SNPs) with bacterial burden levels
after challenge with SE. Chapter 2 detailed the identification of a cluster of biological
candidate genes (the Gallinacins) with an affect on antibody response to commercial SE
vaccine. The Gallinacins have been previously shown to play integral roles in the innate
immune response to gram-negative bacteria infection (Bar-Shira and Friedman 2006; Harwig
et al. 1994; Zhao et al. 2001). Using a linear mixed model, gene specific SNPs associated
with vaccine antibody production for GAL3 and GAL7 were identified. Association of the
Gallinacin genes with vaccine antibody response in an F1 resource population illustrated the
importance of the gene cluster in response to SE infection in the young chickens. The two
Gallinacins SNPs combined explained 4.1% of the phenotypic variation that was observed in
the population, indicating that response to SE infection is a polygenic trait or a trait with low
narrow sense heritability. An increased immune response and antibody production to SE
challenge may be achieved through the implementation of the favorable alleles identified in
this and previous studies through marker assisted selection (Hasenstein et al. 2006; Kramer et
al. 2003; Liu and Lamont 2003; Liu et al. 2002; Malek et al. 2004).
In Chapter 3 is described the further analysis of the Gallinacin gene cluster by examining
more SNPs within additional genes with bacterial burden levels of Salmonella enteritidis
through creation of two separate F8 advanced intercross lines. Darvasi and Soller (1995)
initially formulated a breeding strategy that would capture a large amount of recombination
through the intercrossing of closely related individuals over multiple generations. Based
upon the advanced intercross theory, there should be at least a two-fold reduction in the
confidence interval of a quantitative trait locus within a population after six generations
(Darvasi and Soller 1995). The reduction can also be viewed as a decrease in the genetic
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regions linked to a causal mutation. Through the advanced intercrossing, the frequency of
recombinational events is increased, thereby reducing the levels of linkage disequilibrium
surrounding a potential candidate gene. In Chapter 3, thirteen Gallinacin genes were
evaluated utilizing one SNP per gene in the genomic cluster. An association between SNPs
in three adjacent genes (GAL11, GAL12, and GAL13) and bacterial burden levels in the cecal
content were observed within the broiler x Leghorn AIL. A strong association (P < 0.008)
was also detected when the three SNPs were analyzed as haplotypes. SNP associations with
vaccine antibody levels were not tested in the F8 generation, so a direct comparison to the
results reported in chapter 2 could not be conducted. It is interesting to note that there was
no association with SE bacterial burden levels observed in the F1 generation. This may be
due to different SNPs being analyzed in the F8 populations, the addition of eight genes which
were not examined in the F1, or an effect of a potential recombinational hotspot located
within the Gallinacin gene cluster. Although all SNPs examined in Chapter 3 were intronic,
the study reinforces the importance of the Gallinacin genes as molecular markers in close
linkage with causal mutations that plays a role in bacterial colonization in the cecum of
young chickens.
Differences in Linkage Disequilibrium
In Chapter 4 is presented a study that utilized two separate F8 advanced intercross lines to
examine the levels of linkage disequilibrium present and its subsequent reduction from the F2
generation. With the sequencing of the chicken genome (Hillier et al. 2004), a large number
of SNPs were identified across the genome (Wong et al. 2004). By genotyping over 2700
SNPs across the genome (average intervals between SNPs was 600 kilobases) with the
Illumina BeadArray Technology (Fan et al. 2006; Oliphant et al. 2002), it was possible to
identify the levels and extent of linkage disequilibrium present in the F2 and two F8 AIL
populations of chickens. To get an approximation of LD present within the populations, LD
levels were calculated using both D’ and r2 (Farnir et al. 2000; Heifetz et al. 2005; McRae et
al. 2002; Sved 1971). Both D’ and r2 were utilized due to the possible overestimation of LD
by D’ due to missing haplotypes. Our study confirmed the results of McRae et al. (2002) in
demonstrating that the value of D’ typically provided an overestimation of the true levels of
LD present when utilizing biallelic markers. The overall levels of LD within the populations
were reduced after six generations of advanced intercrossing. Previous livestock studies
report high levels of LD (D’ or r2 values of 0.8 to 1.0) extending over large distances (up to 3
Mb) with moderate levels of LD extending over 7-10 Mb in the chicken (Farnir et al. 2000;
Heifetz et al. 2005; McRae et al. 2002; Nsengimana et al. 2004). In Chapter 4 is reported a
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significant statistical effect of chromosome size. This is in agreement with the previous
observation that recombination rates are higher on microchromosomes in chickens, thereby
leading to reduced levels of LD present (Hillier et al. 2004). In Chapter 4 is illustrated the
advantages of the advanced intercrossing mating scheme for fine mapping studies in
livestock and how it affects the level of LD in the population.
Genomic Fine Mapping Using a High-throughput SNP Assay
Chapter 5 benefited from the identification of over 2.8 million SNPs in the chicken genome
among four distinct breeds (Wong et al. 2004). Wong and colleagues demonstrated that there
was a large amount of genetic variation present in the chicken between lines, even after many
years of intense selection. With multiple SNPs being characterized in many species, the
ability to test for associations between a large number of SNPs and traits of interest is rapidly
becoming a reality (Fan et al. 2003; Shen et al. 2005). The work described in Chapter 5
illustrated the use of a chicken SNP array based upon the Illumina BeadArray platform. This
array made it possible to genotype over 2700 SNPs across the entire chicken genome. These
SNPs were selected based on location within exons of known genes based upon the initial
build of the chicken genome (Feb. 2004) (Hillier et al. 2004). Once SNPs with either no
change between the full and reduced models or containing a minor allele frequency of <0.2
were eliminated from the study, we were able to perform statistical analysis on the remaining
1207 SNPs to determine associations between the SNPs and Salmonella enteritidis bacterial
burden levels in young chicks.
In Chapter 5 is presented a total of 21 SNPs located in or near 19 genes that are significantly
associated with bacterial burden in either the spleen or cecum of birds from two AILs. The
array identified ten genes that are involved in immune response pathways, including the Toll-
like receptor pathway, apoptosis, and map kinase pathways. The pathways also contain four
genes with significant association to bacterial burden identified in previous studies on young
birds (Liu and Lamont 2003; Malek et al. 2004; Malek and Lamont 2003). These pathways
contain ideal candidate genes within genomic regions for further investigation through fine
mapping techniques. Chapter 5 demonstrates the feasibility of whole-genome association
studies utilizing high-density SNP arrays in livestock and represents the first high-density
SNP disease association study in chickens.
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6.2 DISCUSSION
This dissertation describes the successful identification of multiple associations between
candidate genes and bacterial burden levels in birds challenged with Salmonella enteritidis.
In addition, the research reported in this dissertation reveals the structure of linkage
disequilibrium in two separate advanced intercross lines and how the LD is reduced from the
F2 mapping population. Researchers must consider the linkage disequilibrium present in
whatever mapping population they decide to utilize for the identification of candidate genes.
If LD levels are high, associations between molecular markers and the actual causal mutation
may extend over large distances. Once the LD is determined, it is possible to select the
number of markers to genotype or the number of animals required for the study to fine map
genes associated with Salmonella enteritidis and other pathogens in livestock species. By
utilizing the advancements in genome sequencing and SNP detection, this dissertation
illustrates the progression of disease-association studies from single biological candidate
gene analyses to multiple SNP analyses and high-throughput SNP assays.
Identified Candidate Genes
Identification and selection of animals that are associated with higher or lower disease
phenotypes has been practiced for many years (Hazel and Lush 1942; Pinard et al. 1993;
Steadham et al. 1987; Windon 1990; Yunis et al. 2002b). Candidate gene association theory
stated that a significant proportion of QTL affecting variation in the trait of interest are in fact
candidate genes associated with the trait (Rothschild and Soller 1997). While many traits of
interest are polygenic, it has become possible to identify those genes which influence the trait
and select for them through various selection and breeding strategies. Molecular markers
located within or near candidate genes have become very helpful in the improvement of
livestock breeding populations marker assisted selection programs.
Candidate gene identification is a beneficial approach utilized to improving livestock or
agriculturally valuable crops. Prior to the identification of the structure of DNA in the 1950s,
the majority of improvement achieved in agriculture was done through phenotypic selection
(Hazel 1943; Hazel and Lush 1942). This method of selection has continued on through
today. Breeders would choose individuals that possessed desirable traits and use these
individuals for their breeding stock. After DNA and genes were identified as the units of
heredity, it was possible to increase the rate of phenotypic advancement (Davis and DeNise
1998; Harris and Newman 1994). Candidate genes would be able to be identified,
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incorporated into breeding schemes, and therefore allow for greater improvements in
breeding stocks.
The effectiveness of the candidate gene approach was demonstrated in livestock by the
discovery of an association between the estrogen receptor locus and the average number of
piglets per parity and through the association between B alloalleles and the incidence of
Marek’s Disease tumors (Briles et al. 1977; Okada et al. 1977; Rothschild et al. 1996; Schat
et al. 1994). These studies represent not only the feasibility of candidate gene selection, but
also demonstrated how it could be applied to a commercially relevant trait. In addition to
reproductive traits such as number of pigs per parity, candidate gene analysis also could be
applied to any trait of interest which possesses a substantial genetic component. The
identification of candidate genes associated with a wide variety of traits have since been
identified in many organisms, ranging from plants to livestock (Aguirre-Hernandez and
Sargan 2005; Beaumont et al. 2003; Fisler and Warden 1997; Kramer et al. 2003; Malek et
al. 2004; Moore et al. 2003; Zhou et al. 2005). As is demonstrated in the current dissertation
in Chapters 2 and 3, candidate gene analysis has been applied to SE bacterial burden levels in
poultry, a polygenic trait of interest in the commercial sector (Kaiser and Lamont 2002;
Kramer et al. 2003; Liu and Lamont 2003; Malek et al. 2004; Malek and Lamont 2003). .
While no association with bacterial burden levels was determined in the F1 population
utilized in Chapter 2, the Gallinacin genes still represented ideal biological candidate genes
for SE response. Upon further analysis in the study reported in Chapter 3 with two F8
advanced intercross lines, a significant region of the Gallinacin gene cluster was associated
with SE bacterial burden levels in the cecum for one line. While there are differences
between the location of significant SNPs within genes between Chapter 2 and Chapter 3, they
can be explained by differences in population design, differing founding birds, and a
potential recombinational hot spot within the gene cluster.
Candidate gene studies are extremely useful as they provide a method for single generation
studies which can be implemented in any population which can be phenotyped (Rothschild
and Soller 1997). Candidate genes that show associations with phenotypes of interest can be
quickly validated in populations with varying genetic backgrounds. Although genes that
control a large proportion of the trait variation are present within some phenotypes
(Rothschild et al. 1996), many candidate genes only account for a small proportion of the
phenotypic variation in commercially relevant traits (Fisler and Warden 1997; Hasenstein et
al. 2006; Mao et al. 2004; Matsumoto et al. 2004; Wang et al. 2003a). Therefore, it is
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advantageous to identify beneficial alleles at a large number of loci to be implemented within
a successful breeding program. Once validated, these beneficial associations may possibly
be transferred from research done on a university population to execution within elite
commercial breeding populations.
With the advent of technology with the ability to sequence entire genomes, the ability to
examine multiple candidate genes simultaneously also became a reality. Through utilization
of high-throughput genotyping technology, researchers now have the ability to use molecular
markers to identify further positional and biological candidate genes associated with
important traits in livestock. Due to the costs associated with whole genome sequencing, it is
still advantageous to select multiple candidate genes and test these genes on a large
population. This has lead to advancement in new platforms on which to genotype a large
number of biological markers.
SNP Identification Platforms
Since the sequencing and release of the human genome in 2001, a priority has been placed
upon the sequencing of genomes of many organisms. In 2004, the first draft of the chicken
genome was released (Hillier et al. 2004), and a companion study identifying over 2.8
million SNPs across the genome was published (Wong et al. 2004). The genomic sequence,
along with a highly dense SNP map, has been an extremely beneficial resource for genetic
association studies which strive to identify candidate genes involved in disease susceptibility
or the increase in desirable physical characteristics of the organism. The new question which
has arisen due to the availability of high density SNP maps is how to best utilize the
resources in a time and cost effective manner.
High throughput methods have been developed to genotype varied numbers of SNPs based
upon one of four mechanisms: allele-specific hybridisation, allele-specific primer extension,
allele-specific oligonucleotide ligation and allele-specific cleavage of a flap probe (Kwok
2000). Each platform has distinct advantages and disadvantages that researchers must take
into account when deciding on the method which best fits their need. Investigators have to
determine the optimal number of SNPs they are willing to genotype, balancing the costs of
the platform and the size of the population they wish to examine.
If an investigator already has a small number of candidate genes he or she wishes to study,
the SNaPshot method provides a simple, highly accurate, and cost-effective technology for a
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modest number of SNPs. SNaPshot allows for up to 15 SNPs to be genotyped
simultaneously through a fluorescently labeled single base pair extension on SNP-specific
primers (Pati et al. 2004). SNaPshot has a relatively low error rate while maintaining a low
cost per reaction (Pati et al. 2004). Upon multiplexing the SNP primers, the cost per SNP
genotype may reach as low as 2¢. While easy to use for small numbers of SNPs, the
SNaPshot platform can produce extraneous peaks which may be due to poor PCR
amplification, primer-dimer interactions, or incomplete purification of samples (Pati et al.
2004). This platform can be utilized in association studies or in fine mapping a region of
interest which may contain 5-15 potential candidate genes as the case in Chapter 3, or when
funds for SNP genotyping are limited.
For investigators who require a scalable, high-throughput SNP genotyping system, the
SNPlex Genotyping System can perform up to a 48-plex level. The SNPlex system is based
upon the oligonucleotide ligation/PCR assay with universal probes for SNP genotyping (De
la Vega et al. 2005). A few advantages of the SNPlex platform is that it consumes very little
genomic DNA, can be highly multiplexed, and it utilizes widely available capillary
electrophoresis instruments (Tobler et al. 2005). This small sized platform would be
beneficial for a study for validating QTL regions or association studies which are focused on
specific chromosomal regions. Unlike the SNaPshot protocol, SNPlex is designed to be
automated; making it highly amenable to high-throughput sequencing projects.
With more and more genome sequences becoming available along with the development of
panels of validated SNPs, it is now possible to perform a genome scan for regions associated
with a disease or economically valuable phenotype (Sachidanandam et al. 2001; Snelling et
al. 2005; Wong et al. 2004). A platform to handle this type of study is a bead array platform.
Such a scan was conducted in the research presented in Chapter 5 utilizing the Bead Array
technology developed by Illumina. This genotyping system enables investigators to generate
between 300,000- 1.6 million genotypes a day, allowing for simultaneous genotyping of
thousands of SNPs per individual (Oliphant et al. 2002; Shen et al. 2005). The high-density
SNP array provides a tool to identify multiple regions of the genome or biological pathways
that are associated with a particular trait of interest. While the bead array platform provides
extremely high levels of genotypes, low cost per data point, low error rates, and high
redundancy, it is very costly to run large populations.
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Linkage Disequilibrium Structure of Mapping Populations
With the completion of numerous genome sequences, testing for the presence of linkage
disequilibrium (LD) and measuring its value has recently received a great deal of attention.
LD, defined as the non-random association of alleles at different loci in the population, plays
a large role in the identification of causal mutations and markers associated with traits of
interest in both human and livestock studies (Dekkers 2004; Hirschhorn and Daly 2005). In
multiple livestock species, it has been shown that LD levels can extend for large distances
within regions of the genomes (Farnir et al. 2000; Harmegnies et al. 2006; Heifetz et al.
2005; McRae et al. 2002; Nsengimana et al. 2004). D’ overestimates the levels of LD
present within a population (Farnir et al. 2000; McRae et al. 2002; Nsengimana et al. 2004).
Recent studies have shown that r2 also may overestimate the true LD values, and have
recommended a new measurement (2) (Zhao et al. 2005). These large expanses of high LD
may be detrimental to fine mapping studies and identification of causal mutations for
commercially relevant traits. Although LD can be a possible deterrent to accurate selection
of markers associated with these traits, it has been demonstrated in multiple studies that
markers can be successfully implemented as genetic tests (Dekkers 2004; Khatib et al. 2005;
Kramer et al. 2003; Malek et al. 2004; Nielsen et al. 2000; Rothschild et al. 1996; Zhou et al.
2005).
Although large LD may be present within many research populations, there are strategies to
reduce LD in order to accurately fine map potential associations of disease-association
studies or other potential candidate gene studies. Chapter 4 illustrated the reduction in LD
that can be obtained through just a few generations of advanced intercrossing. The LD levels
were significantly reduced between the F2 and F8 generations through advanced
intercrossing. Observed levels of LD remained at high levels at short distances, even after
six generations of advanced intercrossing, but the overall average LD was greatly reduced
through this breeding scheme. Chapter 4 also showed that complete LD can still be present
even between markers separated by 5 Mb. Typical mapping populations, such as F2 crosses
or backcrosses, utilize large numbers of individuals to accumulate the recombination events
needed to overcome the large LD which is generated in the cross. Advanced breeding
schemes, such as advanced intercross lines and recombinant inbred strains, may be possible
to implement in species which have a short generational period and allow for further
advances in fine mapping (Brockmann and Bevova 2002; Darvasi and Soller 1995; Lonergan
et al. 2003; Peirce et al. 2004; Wang et al. 2003a).
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6.3 RECOMMENDATIONS
The candidate gene approach has proven to be an effective and reliable method of identifying
genes or genomic regions which can be utilized in marker assisted selection programs for
genetic improvement of livestock (Beaumont et al. 2003; Hasenstein et al. 2006; Kramer et
al. 2003; Moore et al. 2003; Rothschild et al. 1996). With the sequencing of the chicken and
bovine genome completed and the porcine genome nearing completion, many candidate gene
analysis studies will soon move from single gene to analyzing multiple genes for initial
studies (Hillier et al. 2004). While candidate gene studies involving one or a few genes, such
as those in Chapters 2 and 3, will routinely be used to confirm genes of interest or causal
mutations, the overall trend will likely move to whole genome scans to identify candidate
regions or genes.
While conducting candidate gene analysis, it is important to test the LD structure within the
mapping population being utilized. In Chapter 4 is illustrated the importance of knowing the
underlying LD structure of a mapping population when trying to identify genomic regions of
interest. The extent of LD within a mapping population will influence size of the confidence
interval of associations between markers observed within candidate genes. This will affect
the density of markers required for association studies such as in Chapter 3. LD structure
will also be useful in indicating regions which may be highly conserved or have recently
undergone positive selection resulting in a selective sweep (Barton 2000; Huttley et al.
1999).
Comparative genomic analysis can be employed to identify conserved regions between
species, which may lead to previously unidentified regions of interest to fine map. The
comparisons of closely related organisms can lead to the identification of highly conserved
regions between the genomes (Beauchemin et al. 2006; Nishimura et al. 2005). Outgroups
may be added to identify regions that have been highly conserved for many years. SNPs
identified within conserved regions have a higher probability than those located within non-
conserved regions of having a substantial effect in either gene regulatory systems or result in
protein folding changes (Lazarus et al. 2002; Lindblad-Toh et al. 2005). SNP information,
such as the associations found in Chapter 5, could be utilized to reduce the number of
candidate regions of interest to a manageable number to fine map.
The use of a large, high density SNP panel is a powerful tool. The SNP locations,
associations, and phenotypic data from such SNP panels and QTL studies are now being
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made publicly available to ensure that additional research can build upon the knowledge base
created. In livestock genetics, databases (AnimalQTLdb and PigGIS) are being generated
and maintained to store valuable data such as QTL positions and link them to physical maps,
linkage maps, and SNP locations from other species (Arcade et al. 2004; Hu et al. 2007; Hu
and Reecy 2007; Ruan et al. 2007). These new databases build upon prior databases that
were created to store genetic mapping data, such as the ARKdb, ChickVD, and PigQTLdb
(Hu et al. 2001; Hu et al. 2005; Wang et al. 2005). Although creation of QTL databases and
SNP locations will prove very useful, the livestock community should strive for creation of
databases such as those in rat, mouse, and human (Eppig et al. 2005; Letovsky et al. 1998;
Twigger et al. 2002). These databases are being expanded to include the introduction of
disease-based information (Wang et al. 2005). This provides a high-quality disease-centric
resource where cross-species comparisons can be made. Access to a high-quality disease-
centric database would allow for the rapid progression of science, allowing for researchers to
identify regions of interest upon which to focus their studies without having to invest time
and money on the initial discovery phase. This would allow researchers to view entire array
information, such as that generated in Chapter 5, and focus in on regions of interest for fine
mapping work.
Additional research in how to handle multiple testing of large data sets, i.e. how to correct for
false discovery rates and standardization of threshold values, needs to be conducted so
significant results may be separated from false positives. When multiple statistical tests are
run, correction factors have been commonly employed to account for positive results which
may have resulted by purely by chance (Benjamini and Hochberg 1995; Curran-Everett
2000; Storey 2002; Storey and Tibshirani 2003; Weller et al. 1998). Chapters 3 and 5 both
take into account the number of tests conducted and utilize a correction factors (Bonferroni
correction and Q-Values, respectively) to address this issue. With the increasing use of high
density arrays developed for conducting thousands of tests, researchers should make a
priority to agree upon correction factors which will be used to account for false positives. In
addition to what tests should be used, an agreed upon threshold value for significance should
be set to make comparisons across studies more efficient. This would allow researchers the
ability to compare data easily across studies and narrow their focus to regions of high
association with the trait of interest.
Whole genome scans using a high density SNP array provide a preliminary result to direct
further studies; they are not a final result. Chapter 4 and 5 illustrate the potential of a high
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density SNP array at the detection of genomic regions associated with a disease trait and the
levels of LD present within three experimental populations. The SNP array was utilized to
genotype a population of chickens for 2733 SNPs, spaced across the genome at intervals of
600kb on average. While this spacing provided adequate genome coverage with a reasonable
number of markers, there are many reasons why an array like this is not a final stopping point
in genome analysis. The spacing between SNPs can vary along with the number of genes
which are present within that distance. Fine mapping of a candidate region on the same
population is a logical next step to identify the gene or marker truly associated with the
change in phenotype observed. In addition, verification of the association should be
confirmed on an independent population, and subsequently followed by additional
experiments to verify the causality of the SNP with the trait of interest.
After fine mapping a region identified by a SNP array, the causal SNP or marker needs to be
verified on independent populations, tested by quantitative PCR for possible expression
variation in the animal, or even be knocked out or down to show how the gene affects the
trait of interest through short inhibitory RNAs (siRNA) (Agrawal et al. 2003; Fryer et al.
2002; Rothschild and Soller 1997). All of the previously described tests add additional levels
of support to the identified gene being the gene containing a causal mutation. Verification of
a SNP associated with a particular trait should progress through multiple tests depending on
what the end result is intended for. If the SNP is only going to be utilized as a marker for
improvement of a trait in a marker-assisted selection program, it needs to be verified on an
independent population. If the SNP is to be considered as the causal mutation, expression
tests utilizing quantitative PCR and knock out/knock in studies utilizing siRNA should be
conducted. Once the gene have been identified as containing the source of the variation,
comparison of the wild type and mutated gene sequences can be done to reveal the nature of
mutation events and it’s role in the organism. A SNP, while representing genomic variation,
provides a variety of information based upon the study conducted and can represent
possibilities ranging from a marker that can be effectively utilized in a marker assisted
selection program to being the causal mutation responsible for the phenotypic variation in the
trait of interest. SNPs associated with SE bacterial burden in young chickens, along with an
understanding of LD present within populations of interest, provide a possible method to
naturally enhance the immune response to bacterial infection without the administration of
vaccines.
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APPENDIX 1
ANALYSIS OF CHICKEN TLR4, CD28, MIF, MD-2, AND
LITAF GENES IN A SALMONELLA ENTERITIDIS RESOURCE
POPULATION
Malek, M., Hasenstein, J.R., and S.J. Lamont. Analysis of chicken TLR4, CD28, MIF, MD2,
and LITAF genes in a Salmonella enteritidis resource population. Poult Sci 83: 544-549.
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M. Malek, J. R. Hasenstein, and S. J. Lamont
Department of Animal Science, Iowa State University, Ames, Iowa, 50011
Abbreviation Key: CD28 = T-cell specific surface protein; LITAF = Lipopolysaccharide-
induced TNF- factor; LPS = lipopolysaccharide; MD-2 = protein MD-2; MIF =
Macrophage migration inhibitory factor; SNP = single nucleotide polymorphism; TLR4 =
Toll-like receptor 4; TNF = tumor necrosis factor.
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ABSTRACT Salmonella enteritidis (SE) is a food-borne pathogen that negatively
affects both animal and human health. Genetic variations in response to pathogenic
SE colonization or to SE vaccination were measured in a chicken resource population.
Outbred broiler sires and 3 diverse, highly inbred dam lines produced 508 F1 progeny
that were evaluated for either bacterial colonization after pathogenic SE inoculation or
circulating antibody level after SE vaccination. Five candidate genes were selected
for study, based on their biological function as possibly affecting response to SE:
Toll-like receptor 4 (TLR4), T-cell specific surface protein (CD28), macrophage
migration inhibitory factor (MIF), MD-2, and lipopolysaccharide-induced tumor
necrosis factor (TNF)- factor (LITAF). Gene fragments were sequenced from the
founder lines of the resource population. The LITAF and MIF genes were
homozygous for all sires. Single nucleotide polymorphisms (SNP) were identified in
3 genes (TLR4, CD28 and MD-2) and were used to test for associations of sire SNP
with SE response. Linear mixed models were used for statistical analyses. The CD28
broiler sire SNP was significantly associated with both bacterial load in the cecum (P
< 0.003) and vaccine antibody response (P < 0.05). The MD-2 SNP was associated (P
< 0.04) with the bacterial load in the spleen. The use of these SNPs in these genes in
marker-assisted selection may result in enhancement of disease resistance.
(Key words: candidate gene, inbred line, Salmonella enteritidis, single nucleotide
polymorphism)
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INTRODUCTION
One of the most important aspects of food animal production and processing is avoiding
contamination of the food chain with pathogenic organisms. Salmonella enteritidis is a
bacterium that can infect poultry and is the single most common cause of food poisoning
cases in the United States (Rodrigue et al. 1990). The use of antibiotics in domestic livestock
has been questioned due to the possible creation of antibody-resistant bacteria and the
possibility of antibiotic residues being consumed by humans (White et al. 2001). Genetic
approaches to improve the innate resistance of the chicken to SE could lead to useful
solutions to control infection in poultry and would thereby reduce food poisoning in humans
without increased use of antibiotics.
The candidate gene approach is a strategy by which genes of interest controlling a
particular trait can be identified (Rothschild and Soller 1997). The hypothesis used in this
approach is that candidate genes represent a large proportion of the quantitative trait loci that
determine a particular trait (Rothschild and Soller 1997). Candidate gene research has been
conducted on numerous genes that control the response to SE by the host cell, including
MHC Class I, MHC Class II, Caspase-1, Inhibitor of Apoptosis Protein-1, Prosaposin, SAL1,
NRAMP1, TNC, IAP-1, TGF2, TGF3, IgL, and INOS (Hu et al. 1997; Kramer et al. 2003;
Lamont et al. 2002; Liu et al. 2003; Liu and Lamont 2003; Liu et al. 2002; Malek and
Lamont 2003; Mariani et al. 2001). Five new candidate genes were selected, based on their
critical and interrelated roles in host response to intracellular bacteria, to study the genetic
control of chicken response to SE.
The toll-like receptor (TLR) family provides a critical link between immune stimulants
produced by bacteria and the initiation of host defense. Shimazu et al. (1999) identified that
TLR4 requires an additional molecule, MD-2, for effective lipopolysaccharide (LPS)
recognition. For infections with gram-negative bacteria such as SE, LPS is a major source of
inflammation, and TLR4 is crucial in mediating the effects of LPS. Lipopolysaccharide on
the cell surface of bacteria interacts with CD14 on the surface of macrophages, which in turn
provides a signal to the TLR4/MD-2 complex (Akashi et al. 2001). This pathway leads to the
transcription of immune response genes against Salmonella. The MD2 protein is essential for
the correct intracellular distribution, cell surface expression, and LPS recognition of TLR4
(Nagai et al. 2002). Dil and Qureshi (2002a; 2003) demonstrated TLR4 to be required for
LPS-mediated iNOS induction in chicken macrophages. The relative number of TLR4
receptor molecules on the macrophage surface varies between chicken strains, thereby
varying the expression of LPS binding receptors among strains (Dil and Qureshi 2002b).
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Two separate linkage analysis studies provided evidence that TLR4 in chickens is associated
with response to Salmonella (Beaumont et al. 2003; Leveque et al. 2003).  
The CD28 is a transmembrane protein found on most mature T cells, which is critical for
T cell activation. Mice lacking CD28 exhibit immune system defects consistent with
disrupted T cell function (Rebhan et al. 1997). CD28 also induces cell proliferation and
cytokine production, and promotes T-cell survival.
Macrophage migration inhibitory factor (MIF) is a macrophage cytokine and an
important mediator of inflammation (Bernhagen et al. 1993; Calandra et al. 1998).
Koebernick et al. (2002) showed that MIF-deficient knockout mice failed to control an
infection with wild-type Salmonella typhimurium. Roger et al. (2001) reported that MIF is
important in the recognition of LPS and gram-negative bacteria by cells of the innate immune
system by modulating the expression of TLR4. The MIF enhances production of
inflammatory cytokines such as TNF- and facilitates the initiation of the host defense
response.
Lipopolysaccharide-induced TNF- factor (LITAF) is a novel protein binding to a critical
region of the TNF- promoter and is reported to be involved in activation of TNF-
expression during LPS induction (Myokai et al. 1999; Takashiba et al. 1995). To date, there
has not been any report on the function of LITAF in poultry. However, the gene has been
recently mapped to Gga 14 (Goodenbour, Hynes, and Lamont, unpublished data).
The specific objective of this study was to analyze new candidate genes for Salmonella
response in poultry. This work contributes to the overall goal to identify DNA markers for
phenotypic variation in response to bacteria.
MATERIALS AND METHODS
Experimental Animals
The first filial (F1) generation of the Iowa Salmonella response resource population
(ISRRP) of chickens was used. The F1 generation was produced in 5 hatches by crossing 4
outbred males of a broiler breeder male line (Kaiser and Lamont 2002) with dams of 3 highly
inbred dam lines: 1 Fayoumi and 2 MHC-congenic Leghorn lines (G-B1 and G-B2) with
inbreeding coefficients of 99% (Zhou and Lamont 1999). These inbred lines have been used
in studies of immune response and disease resistance (DiFronzo and Schierman 1989;
Lakshmanan et al. 1996; Lamont et al. 1992; Maccubbin and Schierman 1986). The genetic
distance between the parental lines maximized the feasibility of finding molecular genetic
polymorphisms, and the inbred nature of the dams meant that they consistently contributed
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the same allele to all offspring, thus allowing a focus on the effects of the sire allele in the F1
generation.
Salmonella Pathogenic Challenge and Quantification of Bacterial Load
The F1 chicks (n = 194) from 3 hatches were intraesophageally inoculated at 1 d of age
with pathogenic SE (Kaiser et al. 2002b). Half of the birds each were euthanized at 6 and 7 d
of age. The SE culture and quantification procedures were previously described (Kaiser and
Lamont 2001).
Salmonella Vaccination and Antibody Measurement
Chicks (n=314) from 2 hatches were injected at 10 d of age with 0.2 mL commercial
bacterin SE vaccine2 for the evaluation of antibody response at 21 d of age. Vaccination and
ELISA procedures to quantify SE vaccine antibody levels were previously described (Kaiser
and Lamont 2001; Kaiser et al. 1998).
DNA Isolation, PCR and Sequencing
Genomic DNA was prepared from erythrocytes by using a standard phenol/chloroform
isolation procedure (Dunnington et al. 1990). To characterize each gene, a pair of primers
(Table 1) was developed by using Oligo 5,3 based on the published cDNA sequence of
GenBank.
The PCR reactions were performed in 25-µL reaction volumes containing 25 ng of
chicken genomic DNA, 0.8 µM of each primer, 200 µM of each dNTP, 1 unit of Taq DNA
polymerase4, 2.5 µL of 10 × PCR reaction buffer, and 1.5 mM MgCl2. The cycling
conditions included initial denaturation at 94o C for 3 min, followed by 36 cycles at 93o C for
45 s, optimum annealing temperature and optimal annealing time (Table 1), 72o C for 1 min
and final extension step of 10 min at 72o C.
The PCR products were purified using a MICROCON® centrifugal filter.5 An ABI 377
sequencer6 was used for direct sequencing using dye terminators. Each PCR product was
sequenced at the Iowa State University DNA Sequencing and Synthesis Facility.
________________________
2Biommune, Lenexa, KS.
3National Bioscience, Inc., Plymouth, MN.
4Promega, Corporation, Madison, WI
5Millipore Corporation, Bedford, MA.
6Perkin Elmer, Foster City, CA.
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Polymorphisms and RFLP Assays
For polymorphism characterization of each gene, one genomic DNA sample of broiler,
Leghorn G-B1 and G-B2, and Fayoumi was sequenced using both direction primers (total n =
8 sequences). Sequencher software7 was used to assemble the sequences and identify
polymorphisms.
The restriction enzyme sites for each gene were detected by using a sequence analysis
web server (Webcutter2.08). The PCR products were digested overnight at 37oC. The
digested fragments were separated by electrophoresis through 2.5% agarose. Ethidium
bromide staining was used for DNA visualization
Statistical Analysis
A linear mixed model was used to estimate the association between the sire allele of the
F1 chicks of the heterozygous sire families and the SE bacterial count using the JMP program
(Sall and Lehman 2000). Model 1 was used for the combined heterozygous sire families for
each candidate gene. Sire and dam line were taken as fixed effects. Both the spleen SE
count (1.04 × 107 to 3.55 × 109 cfu/mL) and cecum SE count (1.06 × 107 to 5.5 × 108 cfu/mL)
were transformed to their natural logarithms as response variables to achieve a normal
distribution of the dependent variables in model construction.
Model 1: Yijkl = µ + sire allelei + sirej
+ dam linek + allele×dam lineik + eijkl
where Yijkl is defined as the response variable from each F1 bird (natural logarithms of spleen
or cecal bacterial count).
A linear mixed model was used to estimate the association between each candidate gene
genotype of the F1 chicks of the heterozygous sire families and the SE vaccine antibody
level. Model 2 was used for the combined heterozygous sire families. Sex and ELISA plate
factors were included in the statistical model, based on frequent significance in other
antibody studies. Plate effect, which varied among ELISA assays, was considered a random
effect.
Model 2: Yijklmn = µ + sire allelei + sirej
+ dam linek + sexl + platem (random) + eijklmn
where Yijklmn is defined as response variables from each F1 bird, (1- S/N) for antibody level.
Each gene was analyzed separately, because the inheritance pattern of the alleles indicated
__________________
7Gene Codes Corporation, version 4.0.5, Ann Arbor, MI.
8http://www.firstmarket.com/cutter/cut2.html, Yale University, accessed Jan. 5, 2003.
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that the five genes were independent. The Bonferonni correction (Miller 1981) for testing
three markers would indicate a P value of 0.05/3 or 0.0167 as the threshold for significance.
RESULTS
Sequence Variation and PCR-RFLP
Single nucleotide polymorphisms (SNP) were identified within TLR4, CD28, and MD-2
that affect the recognition sequence for TLR4-Sau96I, CD28-RsaI, and MD-2-AseI restriction
enzymes, respectively (Table 2). These enzyme-gene combinations were then used to follow
the inheritance of the heterozygous sire alleles in the F1 chicks.
A primer set (Table 1) was used to amplify 156-bp fragment of TLR4 gene. Sequence
analysis revealed one SNP in an intron, a G  C substitution at position 3954 bp in our
sequence (GenBank no: AY064697). Broiler sire 8170 was heterozygous genotype G/C at
this position. The other 3 broiler sires and the inbred lines were of homozygous genotype
G/G. The F1 offspring PCR-RFLP resulting from the TLR4-Sau96I digestion of the PCR
product produced either an undigested PCR product of 156 bp for one allele, or of 96 bp and
60 bp fragments for the other allele.
For the CD28 gene, a 134-bp fragment amplified from the CD28 gene (GenBank
accession no: Y08823) showed a G  T intronic substitution at position 561 for broiler. The
restriction enzyme RsaI produced fragment sizes of 86 and 48 bp for 2 of the sires (Table 2).
The Fayoumi and Leghorn lines had no identified restriction site.
For the MD-2 gene, the amplified 252-bp product (GenBank accession no: BI066409.1)
showed a G  A synonymous SNP in the Leghorn line to the Fayoumi lines. One broiler
sire was heterozygous at this site. The AseI produced fragment sizes of 174 and 78 bp for the
Leghorn lines, whereas the Fayoumi lines had a 252-bp fragment.
A primer set (Table 1) was used to amplify 1062 bp fragment of MIF gene (GenBank
accession no: M95776). Sequencing results revealed a G  T synonymous SNP at position
900, in the Leghorn line to the Fayoumi lines. However, none of the sires were heterozygous
for this polymorphism and therefore this SNP could not be used for association studies.
Primer (Table 1) was designed from LITAF cDNA (GenBank accession no: AI979890) to
amplify 497 bp of LITAF gene. The intronic single nucleotide polymorphism A  T was
found in a fragment amplified from genomic DNA. The PCR-RFLP of F1 offspring
resulting from the LITAF-Hinf I digestion of the PCR product produced either an undigested
PCR product of 48 bp and 450 bp fragments for one allele, or 48 bp, 57 bp, 393 bp fragments
for the other allele. None of the sires were heterozygous for this SNP.
Association of Candidate Genes with SE Response
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The F1 progeny of sires that were heterozygous for each specific gene were genotyped for
the corresponding gene SNP. Results for the association analysis in the SE population are
summarized in Table 3. For the TLR4 gene, the F1 progeny analysis suggested only moderate
association (P < 0.14) between the TLR4-Sau96I sire allele and spleen bacterial load (Table
3). There was no association with cecum content bacterial load or antibody level to SE
vaccine. For the CD28 gene, the CD28-RsaI sire allele was highly associated (P < 0.003)
with SE bacterial load in the cecum (Table 3). There was only moderate association (P <
0.13) between CD28-RsaI sire allele and spleen bacterial load. Effects at P < 0.05 were
detected for CD28 on SE vaccine antibody response (Table 3). The MD2-AseI genotype was
associated (P < 0.04) with SE bacterial load in spleen and only moderately associated (P <
0.10) in cecum (Table 3). The sire MD-2 allele did not affect antibody level to SE vaccine.
This is the first report, to our knowledge, of associations between the chromosomal regions
marked by CD28 and MD-2 gene polymorphisms and response to Salmonella enteritidis in
chickens.
DISCUSSION
An increasing amount of evidence indicates the important impact of genetics on
modulating the immune response in poultry (Lamont 1998b). By using genetic approaches to
improve the innate immune system and minimize the need for use of vaccines or antibodies,
it would be possible to control SE in poultry without the hazard of creating antibody-resistant
bacteria or residue consumption for humans.
The 5 candidate genes analyzed in this study are all members of an immunopathway in
bacterial infection in poultry. They are used by the macrophage in recognition of LPS that is
present on the surface of SE and are part of a pathway between recognition of the LPS and
transcription of immune response genes in macrophages. The TLR4 and CD28 gene
polymorphisms were not amino acid substitution sites, suggesting that the causal mutations
were elsewhere in the gene or a nearby gene. The location of markers associated with traits
of interest can be useful for both marker-assisted genetic selection and for positional cloning
work.
Previous studies (Lamont et al. 2002; Liu et al. 2003) showed associations of spleen
bacterial load with IAP1 and PSAP and also association of both spleen and cecum content
bacterial load with CASP1. There are reported associations of INOS, IgL, and TRAIL and
antibody response with SE vaccine response and bacterial colonization in cecum content and
spleen (Malek and Lamont 2003). Kramer et al. (2003) demonstrated associations of these
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genes with SE response in unrelated populations of meat-type chickens (outbred broiler and
Dutch Landrace lines).
Leveque et al. (2003) conducted a linkage study of the TLR4 gene and susceptibility to
Salmonella enterica Serovar Typhimurium in chicken. They found that the magnitude of the
TLR4 effect in the differential resistance or susceptibility of chickens is similar to that
observed with NRAMP1, with TLR4 and NRAMP1 together explaining 35% of the
phenotypic variance. In the current study, TLR4 association with spleen bacterial load was
moderate (P < 0.14) and there was no association with cecum content bacterial load. The
different genetic effects on bacterial load in cecum and spleen are consistent with a previous
report of independent genetic mechanisms for control of bacterial load in spleen or cecum
content (Kaiser and Lamont 2001).
The association of the CD28-Rsa I sire allele with cecum content SE bacterial load and
with circulating antibody response to SE vaccine in the current study may be a result of the
key role of CD28 in the biological pathway for processing Salmonella antigens. The results
of interaction analysis of TLR4 and CD28 genes, which were both heterozygous for sire
8137, revealed no significant interaction. Interestingly, CD28 and NRAMP1 map
approximately 22 cM apart in the East Lansing reference population map. Liu et al. (2003)
reported that a SNP in NRAMP1, in the same population as the present study, had an effect
on SE antibody level and on spleen bacterial load but that this effect was seen only within
offspring of specific sires and dam lines. This suggests that the NRAMP1 SNP was in
different linkage phase with the causal mutations in the different individual sires and inbred
dam lines that founded the resource population. In contrast, the CD28 effect extended across
the whole resource population, for SE antibody level (p < 0.003) and cecum content bacterial
load (p < 0.05), suggesting a location of the causal mutation closer to the SNP in the CD28
gene than to that in the NRAMP1 gene.
The MD-2 gene SNP was associated with both spleen (P < 0.04) and cecum (P < 0.10)
bacterial load. This finding, however, was based on a progeny group of only 10 chicks and,
therefore, must be interpreted with caution until supported by a larger number of
observations.
Because this resource population was generated from a cross between divergent breeds,
the F1 generation is expected to have large linkage disequilibrium intervals. To confirm the
effects of the gene SNP, advanced intercross generations of the resource population are being
produced to study the SNP effects in generations with smaller intervals of linkage
disequilibrium.
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New chromosomal regions containing TLR4, CD28 and MD-2 polymorphisms with
effects on response to Salmonella in chickens were identified in this study, which could
potentially be used as markers for the phenotypic variation in marker-assisted selection to
enhance response to Salmonella. Identification of genes in protective pathways of disease
resistance will also open possibilities to design specific therapeutic strategies (eg. vaccines)
to match population genotypes for crucial genes.
ACKNOWLEDGMENTS
The authors gratefully acknowledge the Poultry Research Center crew at Iowa State
University for managing the birds; Michael Kaiser and Bill Larson for technical support; and
Animal Health, State of Iowa, and Multistate Research Funds and Research Grants IS-3021-
98CR and US-3408-03C from BARD for financial support. Massoud Malek is a Cargill
Research Excellence Fellow and Jason Hasenstein is a Cargill Research Excellence Fellow,
and USDA National Needs Fellow.
REFERENCES
Akashi, S., Y. Nagai, H. Ogata, M. Oikawa, K. Fukase, S. Kusumoto, K. Kawasaki, M.
Nishijima, S. Hayashi, M. Kimoto et al. 2001. Human MD-2 confers on mouse Toll-
like receptor 4 species-specific lipopolysaccharide recognition. Int Immunol 13:
1595-1599.
Beaumont, C., J. Protais, F. Pitel, G. Leveque, D. Malo, F. Lantier, F. Plisson-Petit, P. Colin,
M. Protais, P. Le Roy et al. 2003. Effect of two candidate genes on the Salmonella
carrier state in fowl. Poult Sci 82: 721-726.
Bernhagen, J., T. Calandra, R.A. Mitchell, S.B. Martin, K.J. Tracey, W. Voelter, K.R.
Manogue, A. Cerami, and R. Bucala. 1993. MIF is a pituitary-derived cytokine that
potentiates lethal endotoxaemia. Nature 365: 756-759.
Calandra, T., L.A. Spiegel, C.N. Metz, and R. Bucala. 1998. Macrophage migration
inhibitory factor is a critical mediator of the activation of immune cells by exotoxins
of Gram-positive bacteria. Proc Natl Acad Sci U S A 95: 11383-11388.
DiFronzo, N.L. and L.W. Schierman. 1989. Transplantable Marek's disease lymphomas. III.
Induction of MHC-restricted tumor immunity by lymphoblastoid cells in F1 hosts. Int
J Cancer 44: 474-476.
149
Dil, N. and M.A. Qureshi. 2002a. Differential expression of inducible nitric oxide synthase is
associated with differential Toll-like receptor-4 expression in chicken macrophages
from different genetic backgrounds. Vet Immunol Immunopathol 84: 191-207.
Dil, N. and M.A. Qureshi. 2002b. Involvement of lipopolysaccharide related receptors and
nuclear factor kappa B in differential expression of inducible nitric oxide synthase in
chicken macrophages from different genetic backgrounds. Vet Immunol
Immunopathol 88: 149-161.
Dil, N. and M.A. Qureshi. 2003. Interleukin-1beta does not contribute to genetic strain-based
differences in iNOS expression and activity in chicken macrophages. Dev Comp
Immunol 27: 137-146.
Dunnington, E.A., O. Gal, Y. Plotsky, A. Haberfeld, T. Kirk, A. Goldberg, U. Lavi, A.
Cahaner, P.B. Siegel, and J. Hillel. 1990. DNA fingerprints of chickens selected for
high and low body weight for 31 generations. Anim Genet 21: 247-257.
Hu, J., N. Bumstead, P. Barrow, G. Sebastiani, L. Olien, K. Morgan, and D. Malo. 1997.
Resistance to salmonellosis in the chicken is linked to NRAMP1 and TNC. Genome
Res 7: 693-704.
Kaiser, M.G., N. Lakshmanan, T. Wing, and S.J. Lamont. 2002. Salmonella enterica serovar
enteritidis burden in broiler breeder chicks genetically associated with vaccine
antibody response. Avian Dis 46: 25-31.
Kaiser, M.G. and S.J. Lamont. 2001. Genetic line differences in survival and pathogen load
in young layer chicks after Salmonella enterica serovar enteritidis exposure. Poult Sci
80: 1105-1108.
Kaiser, M.G. and S.J. Lamont. 2002. Microsatellites linked to Salmonella enterica Serovar
Enteritidis burden in spleen and cecal content of young F1 broiler-cross chicks. Poult
Sci 81: 657-663.
Kaiser, M.G., T. Wing, and S.J. Lamont. 1998. Effect of genetics, vaccine dosage, and
postvaccination sampling interval on early antibody response to Salmonella
enteritidis vaccine in broiler breeder chicks. Poult Sci 77: 271-275.
Koebernick, H., L. Grode, J.R. David, W. Rohde, M.S. Rolph, H.W. Mittrucker, and S.H.
Kaufmann. 2002. Macrophage migration inhibitory factor (MIF) plays a pivotal role
in immunity against Salmonella typhimurium. Proc Natl Acad Sci U S A 99: 13681-
13686.
Kramer, J., M. Malek, and S.J. Lamont. 2003. Association of twelve candidate gene
polymorphisms and response to challenge with Salmonella enteritidis in poultry.
Anim Genet 34: 339-348.
150
Lakshmanan, N., M.G. Kaiser, and S.J. Lamont. 1996. Marek's disease resistance in MHC
congenic lines from Leghorn and Fayoumi breeds. In Current Research on Marek's
Disease (eds. R.F. Silva H.H. Cheng P.M. Coussens L.F. Lee, and L.F. Velicer), pp.
57-62. American Association of Avian Pathologists, Kennett Square, PA.
Lamont, S.J. 1998. Impact of genetics on disease resistance. Poult Sci 77: 1111-1118.
Lamont, S.J., Y. Chen, H.J. Aarts, M.C. van der Hulst-van Arkel, G. Beuving, and F.R.
Leenstra. 1992. Endogenous viral genes in thirteen highly inbred chicken lines and in
lines selected for immune response traits. Poult Sci 71: 530-538.
Lamont, S.J., M.G. Kaiser, and W. Liu. 2002. Candidate genes for resistance to Salmonella
enteritidis colonization in chickens as detected in a novel genetic cross. Vet Immunol
Immunopathol 87: 423-428.
Leveque, G., V. Forgetta, S. Morroll, A.L. Smith, N. Bumstead, P. Barrow, J.C. Loredo-Osti,
K. Morgan, and D. Malo. 2003. Allelic variation in TLR4 is linked to susceptibility to
Salmonella enterica serovar Typhimurium infection in chickens. Infect Immun 71:
1116-1124.
Liu, W., M.G. Kaiser, and S.J. Lamont. 2003. Natural resistance-associated macrophage
protein 1 gene polymorphisms and response to vaccine against or challenge with
Salmonella enteritidis in young chicks. Poult Sci 82: 259-266.
Liu, W. and S.J. Lamont. 2003. Candidate gene approach: potentional association of caspase-
1, inhibitor of apoptosis protein-1, and prosaposin gene polymorphisms with response
to Salmonella enteritidis challenge or vaccination in young chicks. Anim Biotechnol
14: 61-76.
Liu, W., M.M. Miller, and S.J. Lamont. 2002. Association of MHC class I and class II gene
polymorphisms with vaccine or challenge response to Salmonella enteritidis in young
chicks. Immunogenetics 54: 582-590.
Maccubbin, D.L. and L.W. Schierman. 1986. MHC-restricted cytotoxic response of chicken
T cells: expression, augmentation, and clonal characterization. J Immunol 136: 12-16.
Malek, M. and S.J. Lamont. 2003. Association of INOS, TRAIL, TGF-beta2, TGF-beta3, and
IgL genes with response to Salmonella enteritidis in poultry. Genet Sel Evol 35 Suppl
1: S99-111.
Mariani, P., P.A. Barrow, H.H. Cheng, M.M. Groenen, R. Negrini, and N. Bumstead. 2001.
Localization to chicken chromosome 5 of a novel locus determining salmonellosis
resistance. Immunogenetics 53: 786-791.
Miller, R.G. 1981. Simultaneous Statistical Inference. Springer Verlag, New York, NY.
151
Myokai, F., S. Takashiba, R. Lebo, and S. Amar. 1999. A novel lipopolysaccharide-induced
transcription factor regulating tumor necrosis factor alpha gene expression: molecular
cloning, sequencing, characterization, and chromosomal assignment. Proc Natl Acad
Sci U S A 96: 4518-4523.
Nagai, Y., S. Akashi, M. Nagafuku, M. Ogata, Y. Iwakura, S. Akira, T. Kitamura, A. Kosugi,
M. Kimoto, and K. Miyake. 2002. Essential role of MD-2 in LPS responsiveness and
TLR4 distribution. Nat Immunol 3: 667-672.
Rebhan, M., V. Chalifa-Caspi, J. Prilusky, and D. Lancet. 1997. GeneCards: integrating
information about genes, proteins and diseases. Trends Genet 13: 163.
Rodrigue, D.C., R.V. Tauxe, and B. Rowe. 1990. International increase in Salmonella
enteritidis: a new pandemic? Epidemiol Infect 105: 21-27.
Roger, T., J. David, M.P. Glauser, and T. Calandra. 2001. MIF regulates innate immune
responses through modulation of Toll-like receptor 4. Nature 414: 920-924.
Rothschild, M.F. and M. Soller. 1997. Candidate Gene Analysis to Detect Genes Controlling
Traits of Economic Importance In Domestic Livestock. Probe 8: 13-20.
Sall, J. and A. Lehman. 2000. JMP Start Statistics: A Guide to Statistical and Data Analysis
Using JMP and JMP IN Software. Duxbury Press, Belmont, CA.
Shimazu, R., S. Akashi, H. Ogata, Y. Nagai, K. Fukudome, K. Miyake, and M. Kimoto.
1999. MD-2, a molecule that confers lipopolysaccharide responsiveness on Toll-like
receptor 4. J Exp Med 189: 1777-1782.
Takashiba, S., T.E. Van Dyke, L. Shapira, and S. Amar. 1995. Lipopolysaccharide-inducible
and salicylate-sensitive nuclear factor(s) on human tumor necrosis factor alpha
promoter. Infect Immun 63: 1529-1534.
White, D.G., S. Zhao, R. Sudler, S. Ayers, S. Friedman, S. Chen, P.F. McDermott, S.
McDermott, D.D. Wagner, and J. Meng. 2001. The isolation of antibiotic-resistant
salmonella from retail ground meats. N Engl J Med 345: 1147-1154.
Zhou, H. and S.J. Lamont. 1999. Genetic characterization of biodiversity in highly inbred
chicken lines by microsatellite markers. Anim Genet 30: 256-264.
152
Table 1. Primer designs for polymorphism identification of TLR4, CD28, MD-2, LITAF
and MIF genes
Gene
GenBank
accession
number
Primer Sequence
PCR
product
(bp)
Annealing
temperature/
time
TLR4 AY064697
Forward
Reverse
5’-CCTGGACTTGGACCTCAG-3’
5’-GGACTGAAAGCTGCACATC-3’
156 bp 55ºC/30 S
CD28 Y08823
Forward
Reverse
5’-ACAGCCAACCAATACTCAG-3’
5’-GGCGTGTGTTGTCTGTT-3’
134 bp 51ºC/35 S
MD-2 BI066409.1
Forward
Reverse
5’-GTAACAACAAAGGCAGAA-3’
5’-AGAAAAATCCACTGACTCC-3’
252 bp 48.5ºC/30 S
LITAF AI979890
Forward
Reverse
5’-TGAGTTGCCCTTCCTGT-3’
5’-CAGAGCATCAACGCAAA-3’
497 bp 54ºC/30 S
MIF M95776
Forward
Reverse
5’-AGCCTCTACAGCATTGG-3’
5’-GCCATCCATCTGTGATG-3’
1,064 bp 52.7ºC/40 S
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Table 2. PCR-RFLP assay for genotyping single nucleotide polymorphisms (SNP) of
TLR4-Sau96I, CD28-RsaI, and MD2-AseI
Band size (bp)
Gene
SNP
location
Dam line
genotype
Heterozygous
sire ID
Restriction
enzyme Undigested Digested
TLR4
Pos. 3954
AY064697
(GC)
Leghorn G/G
Fayoumi G/G
8170 Sau96I 156 96 + 60
CD28
Pos. 561
Y08823
(GT)
Leghorn T/T
Fayoumi T/T
8296
8338
RasI 134 86 + 48
MD-2 
Pos. 102
BI066409.1
(GA)
Leghorn A/A
Fayoumi G/G
8170 AseI 252 174 + 78
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Table 3. Associations (P-value) among TLR4, CD28, and MD-2 gene polymorphisms
and SE response
Bacterial Load
Gene Spleen
(n1)
Cecum
(n)
Vaccine
Antibody
(n)
TLR4
0.14
(14)
0.67
(13)
0.51
(82)
CD28
0.13
(62)
0.003
(61)
0.05
(51)
MD-2 
0.04
(10)
0.10
(10)
0.45
(78)
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APPENDIX 2
FOUR GALLINACIN GENES AND SALMONELLA
RESPONSE IN CHICKENS
Hasenstein, J. R. and S. J. Lamont. 2006. Four gallinacin genes and salmonella response in
chickens. Communication 15-04 in Proceedings of the 8th World Congress on Genetics
Applied to Livestock Production, Belo Horizonte, MG, Brazil.
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ABSTRACT
Salmonella enterica serovar Enteritidis (SE) is a common cause of food poisoning. Through
genetic selection of poultry breeding populations by using molecular markers, a greater
protection against bacterial infections may be obtained while simultaneously reducing
dependence on antibiotic use. Gallinacin genes encode proteins important in innate
immunity. Four Gallinacin genes (Gal 6, 11, 12, 13) were selected analyzed by PCR and
SNaPshotTM, to detect associations with post-challenge burden of SE. Significant
associations (P < 0.05) were detected between the cecal content SE bacterial burden and Gal
6, Gal 11, and Gal 13 in the Broiler X Fayoumi AIL-F8; and Gal 12 in the Broiler X Leghorn
AIL-F8. These Gallinacin SNPs may be useful in a marker-assisted selection program to
improve pre-harvest food safety by genetically enhancing innate immunity to SE.
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INTRODUCTION
The beta-defensin family, also known as Gallinacins in poultry, is critical in the response of
the innate immune system to Gram-negative bacteria (Lynn et al. 2004). The Gallinacins are
small peptides, typically less than 100 amino acids in size, which have been mapped in
chicken within a 86-kb region of chromosome 3q3.5-q3.7 (Xiao et al. 2004). Gal 6 exhibits
expression mainly in bone marrow cells and cells of the respiratory tract while Gal 11, 12,
and 13 are preferentially in liver, kidney, testicle, ovary, and male and female reproductive
tract tissues (Xiao et al. 2004). This wide range of expression of the Gallinacins
demonstrates the importance of these peptides as a bridge between the innate and adaptive
immune response in chickens (Zhao et al. 2001).
Salmonella enterica serovar Enteritidis (SE) belongs to a genus of Gram negative, non-spore-
forming, usually motile, facultative anaerobic bacilli of the family Enterobacteriaceae and is
the most common cause of food poisoning cases in the United States (Rodrigue et al. 1990).
Through genetic selection using molecular markers to enhance the chicken’s innate immune
system, a greater protection against bacterial infections may be obtained while
simultaneously reducing dependence on antibiotics.
Candidate gene theory states that a significant proportion of the variation in any given
population is comprised of major candidate genes associated with that trait, and it is possible
to identify those genes (Rothschild and Soller 1997). The Gallinacin genes are well suited
for candidate gene analysis based upon the genes’ genomic organization, tissue expression,
and their roles in the innate immune system. Gal 2-5, and 7 were previously analyzed for
SNP associations with SE bacterial burden after challenge (Hasenstein et al. 2005).
MATERIAL AND METHODS
Experimental Animals, SE Pathogenic Challenge, and Quantification of Bacterial Load.
Two related, eight-generation (F8) advanced intercross lines (AIL) were created from the
Iowa Salmonella response resource population. The two AIL were initiated by crossing four
males of an outbred broiler breeder elite male line with dams from two highly inbred lines
(>0.99 inbreeding): one Fayoumi (M15.2) and one Leghorn line (G-B2) (Zhou and Lamont
1999). The F8 AIL chicks (N = 133) from 2 hatches were inoculated intraesophageally at 1
day of age with pathogenic SE (Kaiser and Lamont 2002). Half of the birds were euthanized
at 7 days of age, the remaining half at 8 days. The SE culture and quantification procedure
were previously described (Kaiser and Lamont 2001). Samples from the spleen tissue
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and cecal content were quantified for SE burden by measured colony forming units
(cfu’s), after enrichment and serial cultures.
DNA Isolation, PCR, and Sequencing. Genomic DNA was prepared from chicken
erythrocytes using a PUREGENE® DNA purification kit (Gentra Systems, Minneapolis,
MN). A primer pair was developed for each gene by using Primer3 (Rozen and Skaletsky
2000), and genomic DNA sequence in GenBank (Table 1). PCR reactions were performed
using 25-µl reaction volumes, which contained 25 ng of chicken genomic DNA, 0.8 µM of
each primer, 200 µM of each dNTP, 1 unit of Taq DNA polymerase (Promega Corporation,
Madison, WI), 2.5 µL of 10x PCR reaction buffer, and 1.5 mM MgCl2. The following
cycling conditions were used: initial denaturation at 94ºC for 3 min, 39 cycles at 93ºC for 45
s, optimum annealing temperature for 30 s (Table 1), 72ºC for 1 min, and a final extension
step of 72ºC for 10 min. PCR products were purified using ExoSAP-IT (Amersham
Bioscience, Pittsburgh PA) and sequenced on an ABI 377 sequencer (Perkin Elmer, Foster
City, CA) at ISU DNA Sequencing Facility. Sequence assembly and identification of single
nucleotide polymorphism was conducted using Sequencher software (Gene Codes
Corporation, version 4.2, Ann Arbor, MI).
SNaPshotTM analysis of genes. Isolated PCR products for Gal 6, 11, 12, and 13 were
combined into one reaction per individual in the F8 generation. A single gene-specific
primer was created for identified polymorphisms, with the primer consisting of gene
sequence up to the base pair exactly 5’ of the identified polymorphism (Gal 6 - 5’- GACTG
ACTGACTGACTGACTGACTCATGGTGGTGTCAGCAGC-3’, Gal 11 - 5’- AAAAA
AAAAAAATCTGGCAGCTTCTCTACAAC-3’, Gal 12 - 5’-GACTGACTGACTGACTG
ACTGACTGACTGACTGACTGACTGACTCAGAAACCTGAGGATGCCTT-3’, Gal 13 –
5’-CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGTTACACCATCACAGTCCTC-
3’). The variable length primers were pooled for use in the SNaPshotTM reaction. A
fluorescently labeled ddNTP extension reaction was performed using 5-µl reaction volumes,
which contained 1.5 µL of pooled PCR product, 0.5 µL of pooled primer, 2.5 µL of
SNaPshot Multiplex Ready Reaction Mix, and 0.5 µL of water. The following cycling
conditions were used: 25 cycles at 96ºC for 10 s, 50ºC for 10 s, 60ºC for 30 s, and held at 4ºC
for 10 min. Post-extension treatment was performed by the addition of 1.0 unit of Shrimp
Alkaline Phosphatase (Promega Corporation, Madison, WI) for one hour at 37ºC followed by
15 min at 75ºC to deactivate the enzyme. SNaPshotTM products were run by electrophoresis
on the ABI Prism 3100 Genetic Analyzer by the Iowa State University DNA Sequencing and
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Synthesis Facility following protocol for the ABI Prism® SNaPshotTM Multiplex Kit
(Applied Biosystems, Foster City, CA). Allele calling was performed using GenotyperTM
v1.1.
Statistical Analysis. Association between the identified SNPs of the F8 chicks and the SE
bacterial count at each site was determined through a linear mixed model using the JMP
program (Sall and Lehman 2000).
Y klmnpqrst = µ + Alelle k + Line l + Sex m + Nec. Day n + Body Wt p+ Sire[Line] q
+ Dam[Line,Sire] r + Room s + Hatch t + Hatch x Room st + e klmnpqrst
where Y klmnpqrst is defined as the response variable from each individual F8 bird (natural
logarithms of bacterial count in spleen tissue or cecal content).
RESULTS AND DISCUSSION
Single nucleotide polymorphisms (SNP) detection and rate. A total of 26 SNPs were
identified within the 2.1 kb of DNA of Gallinacin genes sequenced from each of the 8
individual sequence-test birds. This equates to 12.3 SNPs/kb, well above the reported one
SNP per 347 bp across the entire chicken genome (Burt 2005; Ellegren 2005). The SNPs
that were selected for analysis were all intronic.
Association of the Gallinacin genes with host response to SE. The results for the
association analysis of Gallinacin genes and SE response for the F8 AIL progeny are
summarized in Table 3. Non-significant variables (Sex, Necropsy. Day, Body Wt,
Sire[Line], Dam[Line, Sire], Hatch, Hatch x Room) were excluded from the model for the
final analysis. In both AIL, there was no significant association of the Gallinacin SNP and
SE bacterial load in the spleen. In the Broiler X Fayoumi AIL-F8, significant associations
were detected between the cecal content bacterial burden and Gal 6 (P<0.03), Gal 11
(P<0.01), and Gal 13 (P<0.05). In the Broiler X Leghorn AIL-F8 , the Gal 12 SNP had a
significant association (P<0.02) with cecal content bacterial load. (Table 2)
The differences between advanced intercross lines may be attributed to the loci where the
alleles differed between the two maternal inbred lines, creating non-complimentary
samplings of the available alleles. The maternal alleles from the original cross would
account for any differences between the two AILs. In the current study, chicks were
administered SE intra-esophageally, to model the natural route of exposure through the
gastrointestinal tract. The observed associations between the Gallinacin SNPs and bacterial
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burden present in the cecal content support the reported role of beta-defensin peptides. The
intronic Gallinacin SNPs may be markers for a causal mutation that increases the recognition
of the bacteria in the initial stages of infection while inducing other cells, such as dendritic
cells, to mature (Ganz 2003).
CONCLUSION
The results of the current study utilized variable-length gene-specific primers to identify an
association between Gal polymorphisms and SE bacterial burden in the poultry cecum. An
AIL was used to capture a reduction in size of linkage blocks, relative to those present in
earlier generation mapping populations. The intercrossing of multiple generations reduced
the linkage disequilibrium that is present in either F1 or F2 populations. With the reduction of
LD, detected marker SNPs are likely more closely linked to the causal mutation. Multiple
genes were genotyped per individual simultaneously, opening the possibility for haplotype
analysis along with multi-gene selection. SNaPshot was utilized for the ability to multiplex
multiple genes into a single reaction and provided the ability to genotype SNPs
simultaneously without using restriction enzyme digests, thus reducing the cost of
genotyping individual candidate genes. The SNPs analyzed within the Gallinacin candidate
genes could potentially be used as markers for immune function in selection programs to
enhance response to Salmonella. Through analysis of function of the Gallinacin genes in the
protective pathways of disease resistance, possibilities for therapeutic strategies using
endogenous antimicrobial peptides to counteract SE infections in poultry may be developed.
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Table 1. Primer sequence and PCR conditions for SNPs of Gal 6, Gal 11, Gal 12, and Gal 13.
Gene /
GenBank #
Primer Sequences
(forward/reverse)
PCR
Product Size
Annealing
Tm/Time
SNP Positions
(nucleotide)
Gal 6
AY621321
5’- ACTCTGATTTGGGGAGAGGAA -3’
5’- TGCCCACCAGTAGGTATTCTG -3’
457 bp 60.0 ºC/30 s
Pos. 294
(C/T)
Gal 11
AY621326
5’- TGCCTTTGCTTTTGAGGACTA -3’
5’- GGTTTCCAAGGGTTTAACAGC -3’
532 bp 60.0 ºC/30 s
Pos. 325
(T/C)
Gal 12
AY621327
5’- GGAACCTTTGTTTCGTGTTCA -3’
5’- CAGAGAATGACGGGTTCAAAG -3’
553 bp 59.0 ºC/30 s
Pos. 134
(A/G)
Gal 13
AY621328
5’- AGCTGTGCTGTTTGACTGGTT -3’
5’- TAGGGAGCTTCATGGTGAGTG -3’
589 bp 60.0 ºC/30 s
Pos. 254
(A/G)
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Table 2. Associations (P-value) between Gal 6, Gal 11, Gal 12, and Gal 13
polymorphisms and post challenge bacterial load in two advanced intercross lines
Broiler X Fayoumi Broiler X Leghorn
Gene Cecum Spleen Cecum Spleen
Gal 6 0.03 0.30 0.32 0.29
Gal 11 0.01 0.91 0.83 0.56
Gal 12 0.60 0.49 0.02 0.71
Gal 13 0.05 0.70 0.12 0.29
